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FLOW OF WATER AROUND BENDS IN PIPES’ 


By DAviIp L. YARNELL?, AND FLOYD A. NAGLER%, 
MEMBERS, AM. Soc. C. E. 


Synopsis 


In condensed form, this paper presents the more outstanding results of a 
series of experiments on the flow of water around bends of various shapes and 
various degrees of curvature in 6-in. pipes. Only the most salient points are 
discussed. These experiments are believed to be unique in that, with the same 
quantity of flow, the effect on the loss of head resulting from unequal velocity 
distribution in the pipe approaching the bend was fully investigated. 

The experiments show: (1) That it is possible to have conditions such that 

- the resistance to flow may be very small or unusually large in the same pipe 
pend carrying identical quantities of water; (2) that in a standard 90°, 6-in. 
pipe bend, for the same quantity of flow, with high velocity on the inside, and 
; low velocity on the outside, of the approach pipe, the loss of head may be four 
times as much as would be measured in the same bend when high velocity 
exists on the outside, and low velocity on the inside, of the tangent leading to 
the bend; (3) that present formulas for computing loss of head due to bends 
appear to apply only to cases in which approximately uniform velocity dis- 
tribution exists in the approach pipe; (4) that the losses of head in the bends 
- experimented upon appear to vary as the square of the velocity, and not as the 
2.25 power as suggested by some writers; (5) that a pipe bend may be as 
useful as any other device for the measurement of discharge; (6) that the 
direction of flow of the secondary currents in pipe bends depends entirely 
upon the velocity distribution in the approach pipe; and (7) that the same 
fundamental laws of flow through bends apply to both closed conduits and 
open channels. , 
i presentad at the Joint Meeting of the Power Division of the Society and the 


Hydraulics Division of the American .Society of Mechanical Engineers at the Annual Con- 
vention, Chicago, Ill, on June 29, 1933. Discussion on this paper will be closed in 
November, 1934 Proceedings. 

2 Senior Drainage Engr., Bureau of Agri. Eng., U. S. Dept. of Agriculture, Iowa City, 


Iowa. 
'' 8 prof, of Hydr. Eng., Univ. of Towa, Iowa City, Iowa. Professor Nagler died on 


November 10, 1933. 
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INTRODUCTION 


Oe nee nr 


The constant efforts of designers of pumping plants and hydro-electric © 
plants to increase the efficiencies of their operation requires continuous re-— 
search in hydraulics. Any change in design that may reduce the loss of head 
in the pipes and bends means increased efficiency. A bend acts as an obstruc- ~ 
‘tion to flow, causing additional loss of head in the case of both open and 
closed conduits. Certain types of bends cause internal changes in velocity to 
such an extent that the efficiency of the bends and down-stream channels as — 
hydraulic conduits is considerably reduced. As a rule, disturbed flow means : 
inefficient flow, and the maximum usefulness of the entire cross-section of the © 
channel is not realized. : 

The studies have developed new data on velocity and pressure changes in 
bends and in the tangents adjacent. The data will be useful to designers of © 
new plants and to engineers engaged in making plant-efficiency tests, because | 
they show the effects that may be expected when piezometric connections are _ 
made at different points on a conduit. The data also demonstrate the neces- 
sity of taking into consideration the disturbing effects of conduit bends upon $ 
the performance of the down-stream tangents. Such conditions are often — 
encountered in penstocks and spiral casings approaching water turbines as — 
well as in draft-tube conduits of the elbow type. 

Available manuscripts show that hydraulic research on bends has engaged 4 
the attention of engineers for more than 150 years, Apparently, the first tests 
were made by du Buat‘ about 1786. These tests were on pipes 1 in. and 2 in. 
in diameter. Numerous other investigators conducted experiments on pipe j 
bends during the succeeding years. One of the first discussions on flow of © 
water in open-channel bends was written by James Thomson, in England, in i 
1876.° The first field experiments on open-channel bends appear to have been 7 
made by M. Leliavski® on the Dnieper River, at Kiev, Russia, in 1892. | 

The investigations described herein were undertaken for the purpose of 
determining the laws governing the changes in pressure and velocity in dif- 7 
ferent parts of the flowing stream, as the moving water undergoes the transi- _ 
tion from motion along a straight path to motion around a curye, and, again, 
as it undergoes the opposite transition back to final straight-line motion. 
This condition of transitional flow also may be considered as representative of 
what always occurs whenever water flows in a bend or a crooked channel, or 
whenever it meets a bridge pier or other form of obstruction. A knowledge 
of these laws is fundamental to an understanding of the effects, harmful or 
otherwise, of crooked and obstructed channels on the flow of water, and to a 


determination of the best means for alleviating or relieving any ob 
or troublesome effects. 


jectionable 


A novel feature of the investigation was the use of transparent material — 
for the walls of the testing channel. This type of construction enabled the 
st Ray NAME: Cult ous DMRS Oo 


*“Principles Hydraulique,” par B. du Buat, Paris, 1786, Pt. 1, pp. 141-151. 
° Proceedings, Royal Soc. of London, May 4, 1876. 
*“Currents in Streams and the Formation of Stream Beds,’’ by M 

International Congress of Internal Navigation, The Hague, The "Netherlands, ison" Aes 
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observation of the direction of secondary currents by means of threads, color, 
and floats that could readily be seen and photographed through the exterior ~ 
walls of the conduit. : 


Laporatory INVESTIGATIONS 


The first tests were made on a 180° bend of square cross-section, 10 by 10 
in., with a 5-in. inner radius. This shape was tried first because it seemed 
easier to build of transparent material, and because of the convenience of 

dividing the channel into elementary strips for studying flow conditions. The 
approach tangent was 25 ft long and the discharge tangent, 28 ft. The bend 
and 8 ft of the two tangents adjacent to it were made of transparent celluloid. 
Velocity traverses were made at eight different sections on the bend and at 
eleven sections on the two tangents. In each test velocities were taken 
at more than 800 different points for each quantity of flow. Pressures were 
measured at 296 different points. About 48 man-hr were required to get all 
the measurements for a single test. 

Tests were next made on 180° bends of rectangular cross-section, 5 in. 
wide by 10 in. deep. One bend had a 5-in. and the other, a 10-in., inner 
radius. ‘Tests were-made on the bends flowing full and partly full, and with 
both uniform and non-uniform velocity distribution in the channel approach- 

_ing the bend. 

The next set of experiments was made on bends of circular cross-section, 
6 in. in diameter. The bend (standard elbows with a 5i-in. inner radius), 
approach, and discharge tangents were made of transparent celluloid. Tests 
were made on a 180° bend continuous in one direction (Fig. 1), a standard 


, Fie. 1.—INSTALLATION OF 6-INCH CELLULOID Pirpm ror Fic. 2.—Typms or 90° Cr5L- 


Test Or 180° BEND. LULOID BENDS TESTED. 


90° ell, an abrupt 90° elbow, a {80° reserve curve bend, and a 270° bend made 


up of three 90° bends all in a horizontal plane, but twice reversing the direc- 
tion of curvature. The approach and discharge tangents were each 25 ft long. 

Bends of irregular cross-section. were also included in the experiments. 
These bends included the hyperbolic and elliptical shapes as well as a circular 


f 


; 


% 
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bend with varying radius of curvature. Fig. 2 shows the front, side, and rear : 
views of four specimens. The one at the right is a standard elbow and the ; 
other three are special designs made by Charles A. Mockmore, M. Am. Soe. 
C. E., for studies on draft-tubes. 

Velocity measurements were taken at seven different points on each of 
four diameters at each section. There were nine velocity sections on each 
of the approach and discharge tangents, in addition to velocity traverses at 
intervals of 22°.5 on the bend. For each quantity ‘of flow, velocities were — 
taken at 200 different points, and pressure readings were taken at about 230— 
different points, in the bend and on the tangents. 

Velocity and pressure measurements were recorded for various flows in the 
pipe with a normal uniform distribution of velocity in the approach tangent. © 
A series of tests having non-uniform velocities approaching the bend was also 
made. These tests consisted of a high velocity at one side and a low velocity — 
at the opposite side of the pipe. A test was then made with the high f 
velocity at the top of the pipe. Next, this high velocity was created at the in-— 
side of the pipe, then at the bottom of the pipe, and, finally, outside the ~ 
pipe. 

It is impractical to present, in a limited space, all the data obtained in the 
investigation. 


VeLocity Conpitions WirHin THE BEeNnp 


OR Gh ow eG ae et 


When water flows in a straight conduit or channel, the transversé water- 
surface profile is presumably a straight level line. On a curve or bend, due — 
to centrifugal foreé, the transverse water-surface profile cannot be level. . 
Water naturally moves in a straight line unless deflected by the action of 
some unbalanced force. When water moves around a bend, an unbalanced © 
force directed toward the center of curvature acts against the water. | 

As the water approaches the bend, the filaments of flow along the inside ; 
of the bend speed up because the grade is steeper, the distance around the — 
bend being less along its inner radius than along its outer radius. Thus, 
the filaments next to the inside of the bend have a greater velocity than those 
along the outside. Neglecting friction, the total energy in any filament is 
constant; therefore, the greater the velocity along the inner radius, the lower 
the pressure will be. As the water moves around the bend, the centrifugal 


force on the filaments of water will be balanced by the radial difference in 
pressure. : 


That this condition exists may be seen in Fig. 3, which shows the velocity 
and pressure conditions in a.180° bend. At Section 0°, the beginning of 
the bend, the filaments of flow at the inside, have already acquired a velocity 
considerably greater than that along the outside, of the bend. The greatest 
velocity occurs at a point next to the inside wall, approximately. midway 
around the bend. The thread of maximum velocity in the channel gradually 
moves to the outside of the bend as the water travels around, as may be seen 
at Section + 0.43 ft in Fig. 3. For a given discharge, the sharper the radius 
of curvature the greater the velocity along the inner radius, & 
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The velocity distribution in circular conduit bends is similar to that in | 


bends with channels of either square or rectangular cross-section. The 
velocity in a 6-in., 90° bend is shown in Fig. 4. Attention is called to 
the shifting of the high velocity from the inside to the outside at the end of the 
bend. The typical section, Fig. 4, shows the location of piezometer con- 
nections and Pitot tube readings. 


Pressure CuHances WITHIN THE BEND 


When a stream of water meets an obstruction that diverts the various 
particles of water from motion along a straight line to motion in a curved 
path, the speed of the particles of water must be changed by unequal amounts; 
that is, the velocity of some parts of the water must be increased and that of 


other parts must be decreased. Accompanying these changes of velocity are — 


related changes in pressure. 

The pressures against the top and bottom of the rectangular channels 
flowing full are shown in Fig. 3 as circles connected by solid lines. Since 
flow around bends follows the law of free vortex motion, the transverse pres- 
sure of profile is convex upward, and has the greatest slope on the convex or 
inner bank and the flattest slope on the concave or outer bank. It will be 
noted that as the water moves around the bend the pressure is greatest near 


the outer side of the bend and is much lower along the inner side. This— 


condition was true even when the channels were flowing only partly full. 

The peripheral pressures at various sections around bends of square and 
rectangular cross-sections are very enlightening. -Peripheral pressures were 
measured at Sections — 1.0 ft, 0°, 45°, 90°, 135°, 180°, and + 1.0 ft on the 
10 by 10-in. 180° bend. Pressures were measured at twenty-two different 
points on the periphery for various quantities of flow, seven on each of the 
outside and inside walls, three on the bottom, and five on the top. 


It will be noted that the pressure, measured as above the channel bottom, — 


is uniform on the four walls of the conduit in the approach channel to the 


bend (Section — 1.0 ft (Fig. 5)). As the water moves around the bend - 


the pressures on the inside wall of the bend decrease, as shown in Sections 45°, 
90°, 185°, and 180° (Fig. 5). The pressure against the outside wall of the 
bend at any one section is practically uniform. 

When non-uniform velocities prevail in the channel approaching the bend, 
the periphery pressures within the bend become much more irregular, as may 


be seen in Fig. 6. In this case the bend was 5 in. wide by 10 in. deep, with 


a 5-in. inner radius, Attention is called to-the large differences in periphery 
pressure at the 45° section, as shown by comparing Figs. 5 and 6. 


The pressure distribution in circular conduit bends is similar to that in~ 


bends on either square or rectangular cross-section (see Figs. 3 and 4). 
The pressure differences between the inner and outer sides of a 90° bend 


in a 6-in. pipe, on horizontal diameters, are shown in Fig. 7. Pressure differ- 


ences are shown for five different conditions of velocity distribution in the 
approach pipe to the bend, for a mean velocity of 8.3 ft per sec. Tests show 
that, for a given velocity distribution approaching the bend, there is a marked 
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‘similarity of pressure differences near the beginning of the bend, regardless 


of the degree of curvature. In bends of square and rectangular cross-section, 


the longitudinal pressure curves are similar to those obtained with circular 


_ pipe bends. 


Differences in pressure between the inside and outside of pipe bends may 


| exceed several feet of water column even with ordinary velocities. With a 


mean velocity of 10 ft per sec in a 6-in. pipe, a 90° elbow caused a difference 
of about 6 ft of water column, but the addition of another 90° elbow did not 
increase this difference. A 6-in., abrupt 90° ell gave a difference of more 
than 10 ft, with a mean velocity of 10 ft per sec. 

Knowledge of these differences of pressure in bends is of importance to 
engineers engaged in pump efficiency tests, particularly in plants in which 


_ gauge readings in the suction and discharge pipes are used to determine the 


total head pumped against. If a gauge must be attached to a bend, it is 
desirable to have four piezometric connections made at right angles to each 


other and carried to a common manifold to which the gauge is attached. 


Loss or Heap in BENDS 
| 


The loss of head caused by a pipe bend depends on several factors, a very 
important one of which is the kind of velocity distribution that occurs in the 
pipe approaching the bend. It is possible to have such conditions of flow that 
the loss of head may be very little or unusually large in the same bend for 
identical discharges. Fig. 8 (a) shows the losses in 45°, and Fig. 8 (b), the 


 Jogses in 90°, bends in 6-in. pipe for different velocity distributions in the pipe 


wee 


approaching the bend, with a quantity of flow giving a mean velocity of 8.3 
ft per sec. This unequal velocity distribution was created by a special 
screen placed 5 ft up stream from the beginning of the bend. The obstruc- 
tion gave a low velocity of about 4 ft per sec, and a high velocity of 12 ft per 
sec, at the beginning of the bend. 2 

With the velocity in the approach pipe high toward the inner side, and 
low toward the outer side, of the bend, the loss of head may be two to four 
times as much as would be measured in the same bend with uniform velocity 
distribution existing in the approach pipe. On the other hand, with the 
approach velocity high toward the outer, and low toward the inner, side of 
the bend, the loss of head may be less than that cased by the same bend 
when uniform velocity distribution prevails in the approach tangent. With 


high velocity either at the bottom or at the top in the approach, the loss of 


head caused by a bend is considerably more than would occur if uniform 
velocity distribution prevailed in the approach tangent. 

The data obtained show that the present formulas for computing loss of 
head in bends apply when uniform velocity. distribution exists in the pipe 
approachitig the bend. ; 

The loss in a 45° bend (see Fig 8 (a)) is about three-fourths that in a 90° 
bend (Fig. 8 (b)) of the same radius. The loss in a 90° abrupt elbow is 
about 1.2 times the velocity head, or about 7.5 times that in a standard 90° 


elbow. 


we 
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SrconpaRy OCuRRENTS IN BENDS 


Secondary currents within the bend are caused by the difference in the 
centrifugal forces of the filaments of varying velocity; that is, transverse flow 
occurs in a pipe or channel bend in addition to the forward motion of the 


fluid. These induced, or secondary, currents usually originate in that section — 


of the pipe next to the top and bottom and gradually increase in strength and 
intensity as the water moves around the bend. 

The types of secondary currents that prevail in a bend depend on the 
velocity distribution in the approach tangent. The unequal pressures against 
the inside wall of the 180° bend of square section (Sections 135° and 180° 
(Fig. 5)), are caused by the secondary currents set up within the bend. If 
a high velocity occurs at the top, and a low velocity at the bottom, of the 
approach channel, the secondary current will have a counterclockwise motion, 
as viewed looking down stream, in a conduit that bends to the right; if the 
high velocity is at the bottom in the approach channel, the direction of 
the secondary current will be clockwise. If uniform velocity distribution 
exists in the approach pipe, two secondary currents will be set up in the bend, 
one clockwise in the upper portion and the other clockwise in the lower 
portion, of the cross-section. In Fig. 9, the yarns next to the outside wall 


a -- Top of Channel Bend 


BORSA U Babee. 30 Bau 3) 
Distance of Pins from Outside Wall of Benti in Inches 


Fie. 9, 


diverge, while those next to the inside wall converge. Secondary currents 
xist also in open-channel bends, but usually there is only one, even with 
uniform velocity distribution in the channel approaching the bend. 

The loss of head in bends is due primarily to two causes: (1) Skin fric- 
tion of the forward flowing water against the walls of the pipe; and (2), 
internal friction of the induced or secondary currents within and following 
the bend. The strength of the secondary currents in bends is greater in 
wide channels than in narrow channels. Hence, the practice of using blade 
turns in 90° elbows and guide-vanes in quarter-turn draft-tubes greatly in- 


creases the efficiency of these bends, due to reduction in the 


magnitude of the 
secondary currents. t 


In general, the greater the velocity, the more pronounced will be the 
secondary currents in bends, and any means devised to reduce these currents 


and to create a greater “effective area” of forward flow will reduce the energy 
loss and hence improve the efficiency. 
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Pier Brenps as Firow Merers 


It would appear that advantage might be taken of the differences in pres- 
sure between the outside and the inside of a pipe bend, and that the bend 


could be used as a flow meter. The difference in pressure between the inside 


and outside of a bend may be fully as large as, or even larger than, that pro- 
duced in a Venturi meter or Pitot tube and, as in those other measuring 
devices, it varies with the second power of the velocity. The experiments 
indicate that the errors likely to be involved are no greater than those ex- 
perienced in these other devices. Each bend, however, should receive indi- 


‘yidual calibration where great accuracy is’ desired. 


It can readily be proved that the difference in elevation of the water 
surface between the two sides of the bend is equal to: 


gk 


in which, V is the mean velocity at the section; B, the width of that section; 


g, the acceleration due to gravity; and RF, the mean radius. 
V°B 
gh 


The formula, H = , can be written for all pipe bends, as follows: 


voon an yok nod “book ines wal (2) 


in which, ¢ is a coefficient depending on the kind of pipe. The tests with 
_ 6-in. celluloid pipe gave a value of ¢ of about 0.91 for the 90° bend and a few 


tests with 6-in. cast-iron pipe also gave a value of ¢ of about 0.91 for the 
standard 90° elbow. The pressure difference in the celluloid pipe was taken 


at 92°.5, and in the cast-iron pipe, 21°.5, from the beginning of the bend. It 
would appear that Equation (2) would give very close results in determining 
the quantity of flow. Further tests will be made on bends to ascertain the 


variation in the coefficient with the variation in position of measuring 


the pressure difference. 


_ Equation (2), simplified for a single pipe bend, may be written as: 


in which, H is the velocity head in the pipe, and c’, a constant, For the 


celluloid 90° bend, taking the difference in pressure at a section 22°.5 from 
the beginning of the bend, c’ was found to be 1.14. .For the 6-in., 90°, cast- 
iron bend, c’ was 1.17, with the difference in pressure measured (of necessity) 


‘at 21°.5 from the beginning of the bend. 


When unequal velocity distribution prevails in the approach channel to the 
bend, the best results probably would be obtained by measuring the pressure 


differences at the 45° point from the beginning of the bend, although further 


tests are needed to verify this point. For this condition the variation in ¢ 
may be somewhat greater, particularly when high velocities prevail on the 
- inside of the approach pipe to the bend unless the particular bend in question 


is calibrated. 


Pes . ee { 
f ’ 
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' _ New TYPES OF PIPE BENDS 


Studies of the energy Aibaeadl in pipe bends have resulted in the deal opin 
of several new types of bends. In pipe bends carrying water, comparatively ; 
little has been done in suggesting changes of shape to reduce the loss of head. — 
Lack of effort in this direction has been due mainly to the fact that in such — 
pipes the velocity of flow is not always high. In pumping plants and similar 

units, long-radius elbows of uniform section or tapered reducing sections — 
frequently are used. It would appear that some effort might profitably be ; 
ee expended in investigating and experimenting on various ‘shapes of elbows. 
: Many shapes of bends are suggested, but only tests can show their good or ; 
their bad qualities. Some have suggested bends of the hyperbolic type, : 
ee while still others have devised bends of elliptical shape so that the difference 
| in velocities between the inside and the outside of the bend will be com- 
2 paratively small. The difference in velocity helps to start secondary currents 
and the resultant inefficient flow. A new type of radius for a bend also has | 
been suggested (see Fig. 3), in which the length of the radius at the point of i 
tangency is infinite and decreases until, midway around the bend, it © 
becomes a minimum, equal to the radius of the regular bend. The shape of | : 
¢ 


the last half of the bend is similar to that of the first half. 

The special bends shown in Fig. 3 are little better than the standard 90° 
bend tested, in so far as loss of head is concerned. Due to lack of funds, it 
was impossible to test other special shapes. 


CoNCLUSIONS 


The following conclusions have been drawn, based on the data thus far 
collected in the investigations: 


(1) All bends act as obstructions to flow, resulting in additional loss of 
head. 5 | 

(2) With uniform velocity distribution in the approach channel to the 
bend, the velocities of the filaments along the inside wall of the bend are 
increased while those along the outside wall are reduced. 

(3) For a given pipe bend and quantity of flow, the head lost in the bend 
depends upon the velocity distribution in the approach tangent. 

(4) In a standard 90°, 6-in. pipe bend, for the same quantity of flow, with — | 
high velocity on the inside and low velocity on the outside of the approach 
pipe to the bend, the loss of head may be four times as much as would occur _ 
in the same bend when high velocity occurs on the outside and low velocity } 
on the inside of the tangent leading to the bend. | 

(5)- Knowing the maximum difference in pressure between the inside and | 
the outside of the bend, and the radius and size of the bend, it is possible to 
compute the mean velocity in the pipe, and, therefore, the discharge. ; 

(6) After a pipe bend has been calibrated, it may be used as a flow meter 


and discharges may be determined by measuring the difference in pressure 
between the inside and outside of the bend. 
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(7) The losses in the pipe bends experimented upon appear to vary as the 


square of the velocity and not as the 2.25 power as suggested by some writers. 


(8) The fundamental laws that apply to closed conduit bends, also apply 


to open channel bends. 
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FOREWORD 
By GEORGE H. HERROLD,! M. Am. Soc. C. E. 


Fe, tte = Sty, 


In July, 1930, a Division Committee on Manuals was re-organized and the i 
general subject of a City Planning Manual was discussed at a Division meet- 
ing in Cleveland, Ohio. It was decided that there should be a series of com- — 
mittees to study and report on the various subjects involved in such a manual 
and it was agreed that the first report to be completed should deal with Street 


Thoroughfares. 
4 A Committee on Street Thoroughfares Manual was created by the Execu- . 
j tive Committee of the City Planning Division on January 22, 1931. The — 
7 Committee began active work in the spring of that year and developed a | 
program to produce definite results within a reasonable time. A progress :| 
fl report of the Committee was presented at the meeting in Tacoma, Wash., in : 
} ‘ July, 1931, and included a bibliography and definitions. At this same meet- | 
i ing papers were also presented on allied subjects; that is, “Population Density 


Related to Roadway Area,” “By-Passing Traffic Around Small Towns,” and 
“Increasing Highway Efficiency.” 

Since this date the Committee has been actively engaged in the preparation £. 
of this Symposium. Its purpose is to suggest methods of identifying street 
thoroughfares according to their use and capacity and of outlining their 
design according to the best usage and well-defined trends of the present day. 

The word, “thoroughfare,” may be given the broadest possible interpreta- | 
tion of all words meaning a place for the movement of commodities and 
people. : ; 

In 1386, Chaucer wrote: “The world is nothing but a thoroughfare”, and _ 
in Shakespeare’s “Henry the VIII” (1540), is found “Chauncerie Lane 

. and Pewter Lane being thoroughfares and passages from Fleet St. into Hol- — 
borne.” Dalton’s “Country Justices” (1630) states: “In towns which are not 
thoroughfares the justices shall be sparing of allowing any ale-houses,” and 
in Cooke’s “Voyages in the South Seas” (1712): “There is a thoroughfare 
in the midst of it where we rode with our ships.” In Emerson‘s “English 
Traits” (1856), is the expression: “They have made the island a thoroughfare 
and London a shop inviting to strangers” and, quoting from the Westminster 
Gazette of June, 1908: “How seldom must these ancient walled villages com- 
municate with the thoroughfare valleys.” 

A street thoroughfare, therefore, is a way through a street open at both 
ends, through which there is much passing. The place of the street thorough- 
fare in the city plan structure is the most important. It affords accessibility 
to land and makes it usable. It is a definite part of the traffic network of 
State, region, or city. It drains the down-town district of vehicles quickly 
at the close of the business day or after the theatre. It is the avenue con-— 
necting the home districts with the business district. It is the driveway 
through parks or park reservations—a thoroughfare for recreation and 


1Member, State Planning Board; Managing Direct mgr. i ] ing 
ity SE eee g ging ector and Engr., The City Plarfning 
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‘pleasure. It is the street over which commodities and people are moved. 
It makes living agreeable and business possible. 


The street thoroughfare is created by the necessity of travel between 


terminals. It determines the uses of land along its course. It forms the 


pattern that moulds the city. It lies between the origin and destination of 
traffic. It is a right of way for tree planting—a thoroughfare glorified by 
landscaping. It is a right of way for subterranean or underground utilities. 
Street thoroughfares dominate the city plan by determining the controlling 
major or minor traffic movements. The conflicting demands: of “access to 
property” and “continuous traffic movements” are supplied by it. It is the 


ne plus ultra for ground movements. It connects terminals and, at the same 


time, serves abutting property. It creates the mosaic of city, region, or 
State, and becomes the radial, the boundary, or the axis of planned and zoned 
areas. 

The many miles of frontages along street thoroughfares both in urban and 


‘suburban territory present peculiar and difficult problems in planning their 


use. The passing traffic is increasingly of a character that requires no service 


‘from abutting property between terminals, leaving much land valueless for 


speculative ventures or business serving a traveling public. In suburban areas 


the land retaining its agricultural use is enhanced in value only by the 


» 


shortening in time to a market, and reduced in value by excessive traffic and 


traffic hazards. 
As the principal use of land in urban areas is for streets, parks, and 


building sites, the location of street thoroughfares in their proper relation to 


each other and to building sites and open spaces is the first element in city 
planning. The street thoroughfare includes all traffieways, until further 
defined and restricted—the lane, the avenue, the mercantile street, the boule- 


vard, the express-way, ete. 


Tt is hoped that this Symposium will assist in clarifying some loose 
thought and discourage careless writing through the specifications set up by 
it, creating a terminology that may be used by all city planners. 


4 i 4 ms A . ‘ ; v 
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DEFINITIONS, GENERAL PRINCIPLES, 
AND RECOMMENDATIONS 


REPORT OF THE COMMITTEE OF THE CITY PLANNING 
DIVISION ON STREET THOROUGHFARES MANUAL 


W. W. Crossy,? M. Am. Soc. C. E., Chairman 


The Committee on Street Thoroughfares Manual, appointed on January 
22, 1931, herewith submits the following report in which it has quite thor- 


- 


=e 


oughly considered a relatively new subject. After the results have become © 


more generally known and discussed, and after some future developments 
have occurred in street-thoroughfare practices, a further reconsideration of 
the subject may be productive of more valuable and specific conclusions. 


The work of the present Committee—widely scattered in its membership— — 


| 
1 
s 
' 


Mi 


has had to be conducted entirely by correspondence. However, by sending, — 


contemporaneously, copies of all texts to each member, all decisions have been 
made by an equally advised membership, and finally have been unanimous. 


Except for the individual papers, the report text is that of the Committee as 


a whole. 


To illustrate the operations of the Committee, the following outline may 


be given: After acceptances of membership on the Committee had been 


secured, suggestions as to its objectives were obtained from Messrs. Harold M. 


Lewis, Secretary of the City Planning Division, and George H. Herrold, 
Division Sponsor for the Committee. Pursuant thereto, Jacob L. Crane, Jr., 
Jay Downer, W. W. Horner, and Daniel L. Turner, Members, Am. Soe. C. E., 
were requested to prepare their respective papers and to define certain terms. 
The Chairman, on receipt of these responses, collated the definitions and re- 
submitted them with some others for discussion. John P. Hallihan, M. Am. 
Soc. C. E., was added to the Committee membership in August, 1931, and 
his paper was received soon after the request then made for it. He also 
contributed valuable suggestions for definitions. 

The discussion concerning the definitions was prolonged and has now 
finally resulted in the expressions given. 

Progress reports were submitted at the meetings at Tacoma, Wash., in 
July, 1931, and at St. Louis, Mo., in October, 1931. During 1932, the corre- 
spondence concerning definitions, papers, and other Committee affairs was 
continued. 

In January, 1933, the Chairman submitted to the members of the Com- 
mittee (with copies to Chairman Noyes, Mr. Herrold, and Secretary Lewis) 
a tentative draft of the Summary and Conclusions, abstracted mainly from 
the papers by the members and the correspondence of the Committee. Di 
cussion again followed until full accord was reached, as submitted. 


* Cons. Engr., Coronado, Calif, 
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The Committee proposes the following definitions of terms used in its 
report in order that its meanings may be clear. The general adoption of 
these terms and definitions is recommended in the interests of clarity and 

_ brevity. 


DEFINITIONS 


Alley—A street less than three traffic lanes in width, usually in the rear 
of building lots, and designed for local service only. 


Avenue.—See Road or Street. 


Boulevard—An important street of extraordinary width (not less than 120 
ft wide), with ample provisions for shade trees or ornamental planting. A 
boulevard is not intended for trucking but is readily available and attractive 
to pleasure traffic, and adjacent to property that may be peculiarly adapted to 
furnishing imposing settings for public buildings or for the highest type of 
private residences. In its design ample or generous provisions are made for 
pedestrians, for restful recreation, or contemplation, and for ornamentation. 


By-Pass Road or Route—A road or route providing for the passage of 
through traffic around, instead of through, a locality. 


Freeway.—A highway to which there is no vehicular access from abutting 
properties. 


Highway—tThe entire right of way devoted to public travel, including the 
sidewalks and other public spaces.” 


Arterial Highway: A highway for vehicular traffic that is a main 
channel, with many tributaries, and the roadway of which is 
required, by traffic frequency, to be not less than four traffic lanes 
wide. 

Express Highway: A highway having an express roadway. 

Express Roadway: A roadway for fast minimum-stop traffic, with 
separated opposite-direction free-traffic lanes, and without grade 
crossings. 

Express Traffic: Non-stop, fast traffic with distantly separated origin 
and destination. 

Expressway: A highway for express traffic exclusively. 

Major Highway: A highway forming an essential part of a highway 
system for a region, such as a State, and the right of way of 
which is not less than 100 ft wide. 

Secondary Highway: (1) A highway with right of way less than 
100 ft wide, tributary to, or parallel with, and of less importance 
than, a major highway; (2) a highway with right of way less 

f than 100 ft wide. 

Super-Highway: A highway to accommodate mass passenger trans- 

portation on rails, in addition to all other highway functions, 


including local service to abutting properties. 


Lane.—A narrow secondary highway. A strip of roadway passed over by 
 guecessive vehicles traveling in the same direction, including in its width an 
excess on both sides for the clearance of passed vehicles. 
Loading Lane: The strip of roadway reserved, or customarily used 
for, the loading of vehicles. 
3 Transactions, Am, Soc. C, E., Vol, LXXXII (1918), p. 1425, 
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Parking Lane: The strip of roadway reserved, or customarily used 
for, the parking of vehicles. : 4 

Standing Lane: The strip of roadway reserved, or customarily used — 
for, standing vehicles. / 

Free Traffic Lane: A lane of traffic not used for loading, parking, or 
standing, nor containing street railway tracks, along which traffic | 
may proceed in one direction freely and without interruption, 
except by traffic signals and the usual requirements of safety. 

2 

Parking.—The standing of vehicles, attended or not, for any purpose be 


the observation of traffic regulation, congestion, or signals. 


7 Parkway—A. thoroughfare, with a right of way normally not less than 
oo 300 ft wide, planted with trees or other decorative growth, where vehicular | 
‘< access to abutting properties is precluded except by supplementary roadways 


et 5 connecting with that of the parkway at widely separated intervals; and where 
| grade crossings with main intersecting highways are eliminated. : 


Plaisance.—A short parkway, extraordinarily ornamented by Pa 
and where parking spaces for the enjoyment of the views are provided for © 
pleasure vehicles. A narrow park on which houses face, the street of vehicular | : 

: 


approach to the house being in the rear. 

Planting Space—tThe strip or area of the highway set aside for grass, 
trees, shrubs, flowers, statuary, and other ornamentation. (Sometimes, re- 
grettably and confusingly, the planting space is still referred to as “Parking.”) 

Road.—A. highway outside an urban district. This term is sometimes 
used to designate a meandering street discordant with the general street plan. 


Roadway.—That part of the highway particularly devoted to the use of 
vehicles.* 


| 


Street—A highway in a urban district. 


Heavy Traffic Street: A street carrying more than the average traffic ~ 
per square yard of roadway. iy sy 

Major Residential Street: A street through a purely residential dis- 
trict, so located as to be a satisfactory distributor to other 
residential streets of the district; it serves the district as a 
traffic-way in contrast to serving merely the block unit; and 
erage! requires a roadway width of not less than three traffic 
anes. 


Mercantile Street: A street devoted to local commerce, 


Street Thoroughfare—A street carrying through traffic from and to other 
than the abutting properties. 


Traffic—The movement of goods and persons on the highways, 


Fast Traffic: Motor traffic proceeding continuously at speeds greater 
than 40 miles per hr. 


Heavy Traffic: Traffic of more than the average per square yard of 


roadway, with consideration of both the number and the weights 
of the traffic unit. 


* Transactions, Am. Soc. C. B., Vol. LXXXII (1918), p. 1426. 
5 Loc, cit., p. 1428. 
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GENERAL SUMMARY 


_ There is a general recognition of the fundamental necessity for street 
thoroughfares. A fairly widespread agreement also is apparent that the 


ordinary development of such arteries of traffic has been, and is, insufficient 


even when no regard for the morrow is taken into consideration. Tt is also 
evident that, unless more frequent advance planning for street thoroughfares 
is established, the accidental development of ordinary streets into street 
thoroughfares will continue to the disadvantage of. traffic and with the de- 
terioration of the adjacent property. 

Furthermore, it seems that most city planners and those others more or 
Jess actually informed on such matters quite well agree that the methods of 
providing street thoroughfares by simply widening the existing streets or by 
laying out new streets of extraordinary width, sometimes do not provide the 
desired results except temporarily.. Even then such results as are thus had 

may be: (1) Extravagant, in that they require tremendous expenditures pro- 


 portionately; (2) insufficient, to the extent that more width and additional 


traffic lanes do not properly move traffic; or (3) often destructive of values in 
the abutting property in that, if such property is residential, it may become 
less desirable, and if mercantile, it may be hampered by the increased width 
of the thoroughfare. 

In some cases, mercantile property may even be cut off from direct access 
to the thoroughfare. The results of widening existing streets may be aban- 


_ doned in despair later, when officials in charge recognize the impossibility of 


further development and that express highways on other locations will have 
to be provided to meet the needs for the actual movement of traffic,’ 
While each case calls for its individual solution, certain principles seem to 
underlie all the problems. The effort of the Committee has been to discover 
these principles, to suggest them in this report, and, at least, to make a 
beginning toward the desirable end of a general recognition and the ultimate 
development of these fundamentals. 


UNDERLYING PRINCIPLES 


Some of the “Principles” unanimously agreed on by the Committee may be 


stated, as follows: 


Necessity for Street Thoroughfares.— 
1.—-Street thoroughfares are needed for: (a) Mass movements of general 
traffic, with a minimum of congestion and. a maximum of speed and safety 


for the entire mass, as exemplified by major highways in and adjacent to a 
business district; (b) certain extra speedy traffic, with a minimum of danger; 


for this type, express highways are indicated; (c) certain leisurely trafic, 

with a maximum of safety and of pleasure to that traffic as accommodated on 
boulevards and parkways; and (d) all the traffic likely to use the highway, in- 
cluding the local traffic as well as the through traffic, with a minimum of dan- 
ger or congestion and a maximum of safety and convenience to all, as in the, 
ease of major highways, or super-highways. . 
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Segregation of Opposing Traffic and Traffic Lanes.— 
2.—To accomplish the ends mentioned under Principle 1, it may often be 


{ 


- 


necessary to segregate the classes of traffic and to provide separate kinds 


of thoroughfares under different circumstances. 


3.—The segregation of traffic may even be extended to the physical separa- ~ 


tion of vehicular traffic lanes (by a planting space) on a two-way thorough- 
fare; or by the establishment of one-way thoroughfares, and ‘the abolition of 
grade crossings where cross-traffie cannot be cared for satisfactorily by 
rotary or similar intersections. 


‘ 


4.—Traflic-separating strips on expressways may effectually be as narrow 
as 4 ft in width in order that sufficient of the total width of the right of way © 


may be devoted to the protection of the highway on both sides of the double 
roadway. Where, however, a sufficiently wide right of way will permit, a 
wider separating strip may be desirable; and, where vehicular passage from 
one roadway to the other is to be permitted, the separating strip should 
preferably be as much as 40 ft wide, in order that the turning radius for 
the vehicle may be practicable and that the left-turning vehicle may come to 
a stop out of the traffic before entering the opposite main traffic lane. 

5.—For express highways carrying traffic in both directions, the opposing 
traffic should be physically separated (by planting or otherwise) and each 
roadway should be of not less than two, preferably three, and not more than 
four, traffic lanes. 


6.—A maximum of three lanes for moving vehicles is usually best for a 
one-way traffic roadway. 

7.—Such segregation and separate provision, if not a matter of present 
need, should be contemplated as a possibility in the future. If possible, this 
should be provided for through the early acquisition of the width of right of 
way ultimately desirable, and then by the progressive gradual changes that 
may prove feasible as they become necessary. 

-8.—The complete segregation of pedestrian traffic—and even of street 

railway traftic also—from the vehicular traffic of street thoroughfares may be 
warranted in some cases. F 


Parking and Side Roads.— 


9.—No standing of vehicles should be contemplated or allowed contiguous 
to the lanes for moving vehicles along a street thoroughfare, Any parking, 
even momentary, for service to adjacent property or for rest or recreation, 


should be provided for in a service roadway or in parking spaces off the 
thoroughfare roadway itself. 


10.—Ingress and egress for such service roadways or parking spaces should 


be provided so as to interfere in the minimum degree with traffic along the 
thoroughfare. 


Location of Street Thoroughfares.— 
11.—In considering the selection or location of street thoroughfares, recog- 


nition should be accorded the possibility of satisfactory low-grade routes 
parallel with stream channels. Such thoroughfares could be developed in 
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connection with the preservation and landscaping of the drainage ways, and 
would assume parkway characteristics to some extent. Furthermore, the 
topography that suggests a location for a canal or flume between two points 


will indicate even more strongly a route for a heavy traffic highway. 


There are many other advantages in utilizing for thoroughfares, land along 
a watercourse, and proper regional planning should provide a system of 
thoroughfares bordering on reserved natural drainage ways. 

12.—The highest function of a street thoroughfare is to supplement other 
traffic routes and thus to provide for satisfactory transportation not other- 
wise obtainable. This function may not be the only one demanded of a 
street thoroughfare, but the optimum results will be had when that function 
is not subordinated to, or seriously interfered with, by others. 

13.—All highways users enjoy pleasing surroundings and, other things 
being equal, will tend to congregate on the more pleasant thoroughfares. 
- 14.—Inadequate traffic solutions result only in impasses such as are every- 
where to be found in cities that now realize they have more to do than they 
ean pay for to relieve their traffic situations. Careful consideration of the 
relationship between practicable street thoroughfares and other arteries of 


‘transportation, with the highest kind of trained pre-vision in such matters, is 


necessary to prevent a constant repetition of such inadequate solutions. 
Cross-Traffic and By-Passes.— 
15.—Where traffic across a freeway must be provided for at grade, a pos- 


‘sible solution is that of “staggering” the inlets and exits of the cross-ways 


so that, in effect, the conflicting traffic streams may be merged between the 
entrance and departure of these cross-streams, on the principles of a rotary 


or “traffic circle” intersection. 


16.—By-pass highways should retain the traffic capacities of the main 


routes of which they form a part. 


Costs.— . : 
17--The division of right-of-way costs for street thoroughfares among 
abutting properties, local and foreign traffic interests, the community, and 


“other beneficiaries is so intricate a matter and especially one so affected by 
the peculiarities of each case, that only one conclusion concerning this division 


ean be attempted herein, namely, that this right-of-way cost should be con- 


‘sidered separately from the construction costs in assessing benefits and dam- 


ages, or in otherwise providing funds to meet it. 
18.—The cost of constructing street thoroughfares should seldom if ever 
be met by the abutting properties alone, but should largely, if not entirely, be 
provided directly or indirectly from the other-than-local traffic interests. 
The minimum fraction of this cost should be borne by the abutting prop- 


‘erty when the access of this property to the thoroughfare is most restricted. 


The maximum fraction to be assumed by the abutting property will be when 


side or “service” roadways supplement the freeway of the thoroughfare so as to 


faa 


Ee 


fe 


enable the abutting property to share fully the benefits of the latter. In this 
ease that maximum fraction will include the costs of these service roadways 
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to the extent that the portion borne by others will cover the extra cost of the 
thoroughfare as a whole over and above that of a normal highway not a 
street thoroughfare. . : 
Co-Ordination of Street Thoroughfares in the Traffic Plan.— i 
19.—Selection of the types of thoroughfares best fitted to serve the purposes 
of any particular community or area is largely affected by the topography, 
the character of the existing development, the existing street and road system 
within and contiguous to the developed area, the necessity of providing for 
future economies in construction of public transit facilities, and the protec 
tion of industrial as well as residential territory. 
bs The proper inter-relation of all these factors pre-supposes a nanan plan 
ay covering the future metropolitan area, with legislation and resources adequat 
. to insure its execution under continued administrative authority. Acquisi- 
tion of space for future thoroughfares in advance of need, when space is 
attainable economically, is a primary necessity, achievable only under in 
authority of an official plan. j 
ai? 20.—Ordinarily, streets are for the use of all persons. Property on th 
he street has the right of access; vehicles operating in the street have the ek | : 
to come to the curb to pick up or to discharge passengers or goods. Vehicles 
using the street for purposes of public transportation, operating under a fran- 
chise, have the right to the unimpeded progress of their patrons from the 
sidewalk to their vehicles at points where stops are established. The pedestria 
who may at one moment be crossing the street merely to get to the other lad 
and at another moment be boarding or leaving a public transit vehicle, has 
the right to complete protection in such movements. All these rights may be 
exercised freely, but only to the point where they interfere with the rights ott 
safety of others. To insure that none of these rights may be exercised unduly 
and that the optimum welfare of all may be secured, the city may impose con- 
trols through its police power, or otherwise. It may regulate the size, weight, 
character, and speed of vehicular traffic; as well as the stopping of vehicles 
in the roadway. It may limit the movement of pedestrians or animals; and ~ 
even, in the case of thoroughfares, for example, it may deny to the abutting | 


properties access, except by special provisions of construction outside th 
thoroughfare roadways. 


‘+ 


These facts have an important bearing on the design of street thorough- 
fares and on the distribution and co-ordination of such thoroughfares in 
general city or regional plan. \ 


RECOMMENDATION 


As suggested by the foregoing principles, the Committee believes that a 

; new type of street for automobiles is now needed in some cases, and will soon 

Pe be needed generally. That type may be illustrated by the railway with its 

é right of way closed to access from the sides, and with the important crossings | 
y at least, not at grade. 

Such a type of street would offer a solution of many of the problems now 

im due to or connected with modern traffic, which are not solved satisfactorily by 
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all other means yet tried. In many cases, existing laws or customs seem to 
prevent the development of an ordinary highway right of way into a freeway, 
and that development might be impossible in any case in which the power 
of eminent domain of the State was not involved. 

Therefore, this Committee recommends that in a city, county, or other sub- 
division of a State, this matter of legalizing the creation and maintenance of 
freeways in addition to highways, be given serious consideration, and that a 
study be made to the end that city and regional planners and authorities 
may make proper provision, when desirable, for such thoroughfares. 


By the Committee on Street Thoroughfares Manual, 


* ; W. W. Crossy, Chairman, 
Jacop L. Craneg, JR., 
Jay Downer, 
Joun P. HaLurman, 
W. W. Horner, 
Dante, L. TURNER, 
Grorce H. Herroup, Sponsor. 
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RELATION OF STREET THOROUGHFARES TO 
~ OTHER ARTERIES OF TRANSPORTATION 


By JACOB L. CRANE, JR.,° M. AM. Soc. C. E. 


The term, “artery of transportation,” is graphic, but the analogy to the 
arteries in the human body is not quite accurate. Physiologically, an artery 
has the specific function of carrying the flow of blood and only that; it serves 
that function and only that function from the first day to the last; it does 
not compete with other elements of communication; and its use is auto- 
matically co-ordinated with all other organs, and the flow through it is 
automatically and consistently controlled. An artery of transportation, on the 
contrary, has none of these qualities, although it should have them, and if 
and when city planning finally succeeds, it will have them. 

As it stands now, any one of several types of arteries of transportation 
may be called upon to carry the flow of any one of several types of movement; 
the facility which it provides is in demand by several competing elements of 
traffic; it is seldom satisfactorily controlled in its use and almost never 
properly co-ordinated with other phases of circulation and communication. 
As long as cities continue to grow and change in a way which it is impossible 
to forecast accurately in detail, the thoroughfares cannot be brought into 
completely satisfactory use and control and co-ordination. Meanwhile, a city’s 
requirements must be anticipated as nearly as possible to develop the principles 
applicable generally and, in each case, specifically, and to improve, at least tem- 
porarily, the manner in which the traffic arteries are used, co-ordinated, and 
controlled. The writer is concerned with setting forth a few of the basic — 
considerations which have to do with the inter-relation between street 
thoroughfares (as defined in the report of the Committee) and other prin-— 
cipal arteries of transportation within and adjacent to urban areas. The 
other more important arteries of transportation may be listed as follows: (1) 
The roadways of secondary streets, not classed as thoroughfares; (2) the high 
ways just outside the city; (8) footways; (4) railways; steam lines (main lin 
suburban lines); electric lines (main lines, interurban, suburban, street 
elevated, subways, freight, and passenger); (5) waterways: rivers, canals 
ports; and (6) airways. 

The mere statement of these various arteries of transportation implies 
definitive classification of function. The roadways of secondary streets hav 
as their special purpose, the carrying of wheeled vehicles for relatively sho 
distances between points of desired access to property alongside. The oute 
highways are intended to collect and carry outward, and to bring in an 
distribute, traffic to and from the city. Footways accommodate pedestrians 
bicycle riders, and roller skaters for comparatively short distances in eac 
ease. Main steam railways are designed primarily to transport passengers an: 

*Cons. Engr., Chicago, Ill. 
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goods between cities; suburban lines to carry: them from) down-town to outer 
residential areas; elevated lines and subways serve primarily for the movement 
‘of persons radially and transversely through a town. Waterways may have 
one’ or several functions ranging from bulk cargo barges and passenger liners 
+o the outboard motor-boat. Thus far, airways are used almost entirely for 
long-distance inter-city passenger, mail, and express carriage. Some day, 
perhaps soon, a city plan will classify the types of movement and the arteries 
to carry them in even greater detail, and city planners will: undertake to segre- 
gate'and maintain each type of artery and each single artery’ for, one, or at 
most,'a few purposes. 5 be Ail sai 
| (Now, ‘the inter-relation between street thoroughfares..and these other 
arteries of transportation is extremely intricate. The footway, while cus- 
tomarily: in the same strip of land with a roadway, may have a less direct 
relationship to that roadway than any of the other elements of! transportation. 
“As long as the footways lead to points at which the pedestrian is picked up 
by automobile, street car, train, or otherwise; there is no good reason why 
the footway needs to follow the street; in fact, there are several good. reasons, 
‘safety and agreeableness being chief among them,’ why footways should be 
located quite apart from the streets. sari oil ii al 
Conversely, the roadways of ‘secondary streets and:of the outer highways 
must be intimately interconnected with the street thoroughfares so that traffic 
ean flow from one to the other safely and conveniently: ; ‘ 
_ While a steam railroad right of way sometimes offers:a convenient location 
for a parallel street thoroughfare alongside, the real relationship arises out: of 
the requirement that the thoroughfares make it possible for wheeled trafic to 
reach the loading points and particularly the main ‘terminals of the railroads. 
The same may be said of the relationship between’ transit: lines and street 
thoroughfares.’ On this point, however, it becomes more and more evident 
that no street thoroughfare (and preferably no street) will have’ street-car 
‘tracks, or elevated railways, or even subways, within the same right-of-way 
lines with the roadway. The best arrangement, and the one’ which may 
eventually be set up as a definite objective, is that in’ which ‘tthe transit lines 
have rights of ‘way altogether separate from the streéts. In’ most cases, this 
‘would make possible'‘the open-cut depressed transit track, bridged at street 
crossings and accessible from the streets at all loading: points. Plainly, the 
practice of ‘combining’ into one right of way, a street roadway, sidewalks, a 
surface-car line, an ‘elevated line, and a subway, enormously’ decreases the 
‘efficiency of each oné—least' ‘seriously, perhaps, with the subway, and most 
‘seriously with the! conflict between’ street cars and\ wheeled vehicles on the 
pavement. ‘The logical inter-relationship is one of'providing convenience of 
“interchange at loading points, and only that. . bu nse 
~. Tn relation to waterways and airways, the street thoroughfares should give 
direct, convenient, and fast lines of flow to the points of interchange—the pas- 
senger docks, the commercial wharves, the yachting centers, ‘and the airports. 
How far they fall short of this ideal! 9 
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‘ It is seen, then, that there are, in the main, only two desirable relationships 
is between street thoroughfares and other arteries of transportation, namely (1) 


that of the flow between street thoroughfares and other streets in such a way 
as to cause as little interruption and hazard as possible; and (2) the relation- 
ship at points of transfer from wheeled vehicles using street thoroughfares to 
the car, plane, or ship using other arteries of transportation. This is simple 
to state, but extremely complicated in application. ¢ 
Furthermore, even when a planning genius succeeds in determining a sound 


q and appropriate pattern for all the arteries of transportation in proper relation 
6} to each other, he would still have equally difficult problems to deal with: (a) 
* In the relationship between these arteries and the changing and. increasingly 
4 intensive use of private property; (b) in the matter of creating designs satis- 
; factory from the architectural and landscape standpoint; and (c) in the baf- 
aa fling matter of public financing. 7 


In the planning of street thoroughfares, as in every other phase of city 
planning, both the big task and the big opportunity lie in devising means to 
bring good city building within range of the capacity to pay—within the 
range of financing limitations. The impassé in which the American city 
now finds itself (the impassé of “more to do than it can pay for”), is the 
result not so much of poor administration and graft, but rather of poor 
planning, with the necessary sequence of tremendously high costs for tearing 
down, rebuilding, opening up and extending the city’s physical services. I 
seems clear enough that the “chcckmated” American city can work its ce 
out only by the most skilful, long-term planning and “programming” of its 
construction and reconstruction. In this project the underlying and, perhaps, 

* the most important element is that dealing with the classification, ae 
tion, and co-ordination of the arteries of transportation. = | 

The basic principle of design for arteries of transportation is implicit in 
the preceding statements. Each such artery should be designed to carry — 
specific classes of traffic to and from specific points or areas, the critical 
limitation on the design being the matter of cost. The several classes o: 
traffic are passenger cars, trucks, drays, street cars, elevated cars, sub-surface 
cars, and pedestrians. In China, the rikshaw is an extremely important factor 


in street design; and, in Russia, the main boulevards must make provision for’ 
the “grand procession.” 


The problem of design breaks up into several elements—location, terminals, 

i width, cross-section, grade, intersection, type and weight of surfacing, drain- 
age, lighting, access to abutting property, and underground services, Th 
cross-sectional design requires that the total width be built up from the items 
required, and there is an almost infinite variety of designs to meet special 
conditions. One good type is: Four 10-ft ‘middle lanes for through. traffic, 
two 10-ft lanes for local traffic, two 8-ft lanes against the curb for loading 
and unloading, and, say, a 16-ft space on each side for sidewalks, or for side- 
walks and planting strip—a total of 108 ft for right-of-way width. Such a 
street might be classed as a street thoroughfare, but if the local traffic is 
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heavy, it would not operate well for through traffic. Then it would require 
re-study for location, or for greater width, or perhaps to separate the through 
lanes from the local lanes by islands, elevations, or other means. 

One important consideration in design emerges from the experience of 
recent years, namely, that the points at which local traffic enters the thorough- 
fare must be infrequent, even as far apart as } mile. 

The principles are becoming more clear; the physical and fiscal planning is 
still mainly in the future. 
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DESIGN OF BOULEVARDS AND PARKWAYS 
By JAY DowNER,’ M. AM. Soc.C.E. 9) 3). . 


The design of future boulevards and parkways in the light of modern 
traffic conditions and the accumulated. experience that is a matter, of com- 
mon knowledge to the Engineering Profession would appear to, require added | 
consideration to the following elements: 


1.—Relationship of privately owned property to the vehicular roadway or 
roadways of the boulevard or parkway, with reference to the extent and 
proximity of linear contact. : 
2.—Frequency of, and the arrangement of connections between, the boule- 
yard and parkways and the secondary or minor thoroughfares. 


—— oe 


Boulevards long antedate parkways in origin. Behind the boulevard lies 
some centuries of what might be termed an evolutionary process of adaptation, — 
modification, and improvement. Its primitive beginnings were the utilization — 

e as a public thoroughfare, of the sites of bulwarks, fortifications, or walls 
surrounding a town. Incidentally, the encircling boulevard in many cases 
happened to be a scenic highway. 

By extension and analogy the boulevard became a broad, tree-planted in- 
ternal thoroughfare, either as the main axis or as radials of a city plan. It” 
provides main traffic channels and imposing settings for public buildings, - 
grand avenues for residential uses, or for commercial and amusements enter- ; 

; - prises, as well as its characteristically European use for the leisurely enjoy- } 
ment of life in the open air during a considerable part of the year. All these _ 
3 purposes will be served by the boulevards of future unbuilt cities or expansions 
ee of existing cities. In width, the boulevard may range from 100 to 200 ft of | 
public right of way utilized in varying combinations of multiple roadways — 
separated or flanked with grass and tree-planted strips. Many examples and 
ae typical arrangements are available for study as to detailed planning. 
* Further evolution or modifications in the design of future boulevards — 
, would seem to indicate a need for a greater degree of segregation of the use : 
contacts of adjacent proper ty from the principal traffic stream and a reduction f 
? in the number of connections with lesser thoroughfares. 

Parkways. are of much more recent origin and were evolved from a dif- — 
ferent concept. The name itself is suggestive of what was probably the 
earliest conception of a parkway as a park-like thoroughfare connecting an — 
outlying park with the down-town commercial, industrial, or built-up center 
of a city. Expanding combinations of this idea may cover a connecting .way 
having park attributes and joining a park with the congested city center, or 
two parks with each other. More recently, it has been applied to joining 
many more park areas or reservations into a unified system. At the same 
time such an arrangement provides a traffic circulation system regardless of 
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the primary purpose of connecting parks, and has brought parkways into the 
category of greatly extended arterial thoroughfares. 

The modern parkway reservation or right of way may be, and is—in the 

environs of New York City., Boston, Mass., and Philadelphia, Pa—any width 

from 200 to 1200 ft. On the basis of a 40-ft paved roadway with flanking 
strips for seeding, planting, landscape treatment, or simply the preservation 
of original native beauty, the desirable minimum width is 300 ft. Inter- 
mediate widths from 400 to 800 ft may be dictated by varying topography and 
especially the inclusion of a stream and its immediate marginal lands. 
Widths up to 1200 ft for a parkway are possible through sections of low- 
priced lands, such as swamps or rocky ridges. 

*Parkways are planned and designed on the principle of absolute exclusion 
of privately owned property from direct contact with the paved roadway, com- 
plete separation at all main intersecting thoroughfares of the roadway 
levels and their main traffic streams, and the minimum number of entrance 
and exit connections consistent with serving the requirements of the locality 
traversed. A desirable minimum spacing might be placed at $ mile and range 
up to 2 miles. 

Although originally they were created largely from esthetic motives, park- 
_ ways have emerged as the most effective solution of the modern arterial road 
problem on the following purely economic grounds: 


(a) They are efficient for passenger traffic movement because (1) they 
minimize interference with the traffic ‘stream by eliminating roadside park- 
ing; (2) entrance and exit connections occur infrequently; and (3) grade 
crossings are generally eliminated. 

(b) This effect on adjacent land js invariably to enhance values in con- 
trast with a depression of values which may occur where arterial road front- 
age in direct contact with the pavement cannot be absorbed by business or 
- industrial uses. 


As to terminology, the Committee on the Regional Plan of New York and 
Its Environs, after considerable: study of both legal and physical aspects, 
adopted the term, “boulevard,” as denoting a highway that is furnished with 
trees, grass, or other park features, and the term, “parkway,” to denote a way 
- through, and within, a park. : 
These definitions are derived from the premise that, in law, there are 
only two classifications, namely, highways and parks. These terms have the 
advantage of brevity and of meeting rigid legal requirements. “Park,” in a 
legal sense, is inclusive not only of the common conception of a park, but of 
a linear extension or ribbon into a parkway, even if it provides no other form 
of recreation than pleasure driving and enjoyment of landscape. 
Although it might seem desirable to. amplify the foregoing terminology as 
‘to “boulevard,” the difficulty is that descriptive amplification quickly exceeds 
the limits of terse definition. 
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SUPER-HIGHWAYS 
By J. P. HALLIHAN,® M. Am. Soc. C. E. 


- 


As far as is known from the records, the term, “super-highway,” was 
coined by Daniel L. Turner, M. Am. Soe. C. E., to describe a single-level, all- 
purpose highway designed to provide an exclusive right of way for rail transit 
in combination with superior facilities for movement of heavy-volume motor 
traffic created in metropolitan areas. : 

The design was applied by Mr. Turner as the keynote of his plan for a 
co-ordinated thoroughfare system within the developed section of Detroit, 
Mich., and its expansion into a regional plan for the Metropolitan Area, later 
adopted as the Master Plan for Detroit and the three counties affected. 

The purpose of the design may be best described by a brief condensation 
from Mr. Turner’s report as Consulting Engineer to the Rapid Transit Com- 
mission, dated April 10, 1924: . 


The specifications provide for: (1) A central reservation of 84 ft for the 
exclusive use of rapid transit lines on rails and the tree and shrub planting 
to screen it; (2) a 20-ft roadway for express motor traffic on each side of the 
central space; (3) a 5-ft planting or safety zone strip, on the outside of 
the express roadway, separating express from local roadways, but with open- 
ings at intervals for transfer from local to express where the roadways are 
at the same level between stations; (4) local roadways, 20 ft wide; and (5) — 
sidewalks, 15 ft wide, making a total of 204 ft. 

After acquisition of the right of way, the execution of the design is in-— 
tended to be coincident with the local requirements of the area and, therefore, — 
will proceed gradually as building development progresses and traffic needs — 
increase. At first, all roadways will be at the same level and cross-street 
traffic will cross the rail reservation at all street intersections. - The express — 
roadways will be provided when the central reservation is occupied by rapid 
transit rails and the right of way is made exclusive by separation of grades at 
half-mile intervals at stations, the rails and express roadways going over 
the half depressed cross-street and the local roadways meeting the cross-street at _ 
grade. Cross-traffic coming in between stations may then turn into the local — 
roadway, but may cross the express roadway and rail reservation only at the 
under-pass. Traffic from local roadways may enter the express roadway at 
the barrier opening provided where local and express roadways are at the 5 
same level. Grade separations may be built for express roadways in advance ~ 


of rail occupancy of the central reservation if traffic needs require, under the 
same limitations as to crossing. 


‘4 
v 
. 
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From a traffic standpoint, the super-highway design is seen to be a pro- 
vision for insurance of ample roadway space for motor traffic under conditions 
permitting high speed with safety. It separates directional traffic, as well as 
through and local traffic, and permits greater freedom of movement by reduc- 
ing traffic interferences. From a transit standpoint it is seen to provide for 
future economies in rail transportation by making it possible to construct the — 
permanent way on the surface at one-fifth the cost of an underground stru 
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ture and at one-half the cost of a wholly elevated structure. The noise of 
passing trains is reduced to the minimum by the width of street and the tree 
screens. 


A utility highway of this nature is peculiarly adapted to the metropolitan 


‘areas surrounding great cities, where traffic volume assumes great proportions 


and where mass transportation facilities must eventually provide for a density 
beyond the capacity of a street car and bus system. Beyond those areas the 
safety provisions of separation of directional traffic and permissible elimina- 
tion of left turns at intersections may be maintained by a boulevard design 
with a minimum of 30 ft for the central parkway, and with side parkways 
separating distance traffic from local traffic. 

There is no economic reason why the all-purpose roads of the future should 
not provide for esthetic treatment by landscaping as well as for the utility 
needs, provided an adequate right of way is secured upon initial location, 
before it acquires a prohibitive value created by the facilities furnished. 


at 
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THOROUGHFARE LAYOUTS IN RELATION | 
TO DRAINAGE SYSTEMS 
By W. W. HoRNER,® M. AM. Soc. C. E. 


For the purpose of this paper, the “thoroughfare” is the general designa- 
tion of a traffic-way of importance and will include streets or roads generally 
called “boulevards,” “arterial highways,” “major or secondary highways,” and 
“parkways.” The “drainage system” of the region comprises all facilities for 
the removal of storm water, ground-water, spring flow, and other excess 
liquids, exclusive of sewage and contaminated waste waters. These facilities 
may be the natural watercourses, such as creeks, brooks, dry runs, or ravines, 
or may be artificial drains, either open or. covered. 

The construction of covered masonry storm drains of large size, as is now 
common in large cities, is: 


(1) The result of failure to develop and organize a proper system for the 
improvement and protection of natural watercourses. This failure is largely 
due to improper platting, which either disregards. watercourses or leaves the 
valleys as waste land, or places the watercourses at the rear of lots, where they 
readily become rubbish dumps. 

(2) Placing a high charge on platted property for which there is no ade- 
quate return and which is accordingly detrimental to simple and uniform 
development and tends to produce high density of population. 

(3) Destructive of the greatest asset for a residential setting, an attrac- 
tive natural scenery of a semi-pastoral character. ; 


The alternative drainage policy involves the preservation of watercourses 
enlarged or supplemented to become adequate for the increased’ run-off from 


urban areas and the protection and preservation of the natural conditions. 
tional purposes; 


(a) The setting aside of considerable areas of lowlands for permanent use M 
as drainage ways, but with possibilities of considerable value also for recrea-_ 
tional purposes: : 

(b) The subdivision of land go that drainage ways will be conspicuously | 
evident, in order that their scenic yalue will be best appreciated and that they — 
may not be readily restricted by filling or surreptitiously used for the dis-_ 
posal of rubbish; and 

(c) A consequent requirement for lot frontage along the drainage ways 
which would then involve the platting of marginal streets along such ways. 
The valleys being generally easy gradient routes, such streets would naturally © 
be thoroughfares in the direction of the valley trend. ; 


GENERAL 4 
Proper original planning should provide a system of thoroughfares border- 
ing reserved natural drainage ways to which would be joined a complementary 


*Cons. Engr., St. Louis, Mo, 
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system crossing the valleys at the most advantageous points. This system 
has been followed for residential areas and has resulted in such major resi- 
dential streets as those of the Turtle ‘Creek Valley, in Dallas, Tex.; such 
boulevards as those of Kansas City, Mo.; and such parkway developments as in 

Westchester County, New York State. Common habit to the contrary, the 
system can be used also in commercial areas if people are willing to organize 
adequate protection and policing. The result would be to the ultimate benefit 
of the community from every angle. There is a popular reaction against the 
present ugly, uniform type of urban development which would welcome a 
change in this direction. Obviously, the scheme is not generally applicable 
to thoroughfare planning of a corrective character, in old settled communities, 
and it has no economic advantage where money has already been spent for 
large storm sewers. 


es 
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EXPRESS HIGHWAYS AND BY-PASS ROUTES 
By DANIEL L. TURNER,?° M. AM. Soc. C. E. 


. 


Express highways and by-pass routes are recent evolutions of the motor- - 
vehicle age. There was no necessity for them in a man-and-horse civilization. . 
By-passes have been in use for a considerable time, but express highways have : 
developed very slowly. The latter came into actual use only a short time 
ago. This, too, despite the fact that H. G. Wells anticipated such special 
types of roads for motor-vehicle use as early as 1901, and at the very beginning 
of the motor era, when he described the probable “Locomotion in the Twen- 
tieth Century,” as follows: 

“The * * * conceivable ideal of locomotive convenience, * * *, is surely a 
highly mobile conveyance capable of travelling easily and swiftly to any desired 
point, traversing, at a reasonable controlled pace, the ordinary roads and 
streets, and having access for higher rates of speed and long-distance travel- 
ling to specialized ways restricted to swift traffic * * *. They (the specialized 
ways) will have to be very wide,— * * * just as wide as the courage of their 
promoters goes—and if the first are too narrow, there will be no question of 
gauge to limit the later ones. Their traffic in opposite directions will probably 
be strictly separated * * * and streams of traffic will not cross at a level * * ‘a 

At another point, describing the use of the privately owned motor carriage 
on such special ways, he stated: 

“This, for all except the longest journeys, will add a fine sense of personal 
independence. * * * It will be capable of a day’s journey of three hundred 
miles or more, * * *, One will be free to dine where one chooses, hurry when 
one chooses, travel asleep or awake, stop and pick flowers, * * * be free to 
travel up to the limit of their very highest possible speed.” ; 

He thought such segregation of motor traffic might possibly begin even — 
in the decade from 1900 to 1910. People are just now (1934) beginning to 
think about it seriously. The foregoing is a remarkable vision of the condi- 
tions of to-day at a time when the tremendous growth of automobile use 
scarcely seemed conceivable. : 

The express feature of a highway applies only to the roadway as it is 
defined in the definitions by the Committee on Street Thoroughfares, There- 
fore, an express highway may be defined as a highway having an express road- 
way. On the same basis, there may be express boulevards, express parkways, 
. express streets, express roads, etc. In fact, every type of highway would 
become express if provided with an express roadway. ; 

An express roadway may be defined as a roadway constructed with 
separated opposite-direction lanes and without crossings at grade, so as to 
permit fast minimum-stop traffic. T 

The ideal express roadway should not be directly accessible to abutting 4} 
property ; and access to it from the local lanes of the highway of which it may 
be a part should be infrequent. Similarly, it should be accessible only infre- 
quently to other highways. There should be lanes for trucks and buses as 
well as passenger cars. Grades should be low. Curvature should be reduced — 

Cons. Engr., New York, N. Y. 
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to the minimum. ‘There should be at least two traffic lanes in each direction 
and, preferably, three. 
Practical considerations will make necessary many departures from the 

- ideal. Other types of highways have been, and will be, proposed to secure to 
as great a degree as possible the advantages of the ideal express roadway— 
without resort to the high construction costs and to such complete differentia- 
tion as the ideal requires. 

Instead of including the express roadway as a feature of the highway it 
may be constructed as an entirely separate highway without any local traffic 
lanes, but designed for express traffic exclusively. In order to distinguish it 
from an express road or express street which provided for both local and 
express traffic, such a highway might be called an expressway; that is, defined 
as a highway for express traffic exclusively. This would be the ideal method 
for express service. 

Along such expressways, at signal-controlled ingress and egress points, 
all the necessary service facilities should be segregated, restaurants, inns, or 
hotels, comfort and rest houses, oil and gas, repairs, emergency trucks, etc. 

These service stations should be as far apart as practicable, consistent with 
the development of the country side. Along the expressway, however, 
emergency pull-out spaces, accessible only from the roadway, should be pro- 
vided at convenient distances apart and these should be equipped with tele- 
phone to the service stations. Here travelers could change tires and make 
minor repairs without resort to the station service, and without obstructing 
the traffic lanes. 

Expressways will not be as practicable of construction in urban districts 
as in the open country. An elevated or depressed roadway in a city makes 
an ordinary street into an express street, it is not an expressway in the 
sense intended herein. 

The most important city streets should be those planned for the: accommoda- 
tion of mass passenger transportation facilities on rails, as well as on rubber tires 
because, after all, probably three-fourths of the people travel along such 
thoroughfares. In fact, such streets, which may be termed super-highways, 
should be the base plan for any city street system. After they are planned 
to circulate and distribute the population in the best possible manner, all other 
streets, which are secondary, should fill in and complete the circulating system. 
Failure to recognize the necessity of providing ways for these mass travelers is 
one of the greatest oversights of which city planners have been guilty in the 
past. The present congested condition of cities is largely due to this oversight. 

A super-highway may be defined as a highway designed to accommodate 
mass passenger transportation facilities on rails and rubber tires, in addi- 

tion to all other street uses. © 

Since a by-pass route is only a connecting link around a locality between 
highways into, and out of, the locality, it should conform in all particulars to 
the type of the highways it is to connect permanently ; that is, the by-pass 
should ; be of the expressway type +f eventually it is to form a part of the 
expreséway or, if it is to shunt an ordinary road around congestion, it should 


be an ordinary road. 


be 
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PAYING FOR STREET. THOROUGHFARES 
By GEORGE H. HERROLD,“ M. AM. Soc. C. E. 


HistToricau 


In 1785 the Continental Congress established the township system 
originated in New England, and made it applicable to all Government-owned — 
land. The State then adopted or created the section-line highway of 2, 3, or 


’ 4 rods in width, to make the lands accessible and to permit. their development. 


This was practically the highway system of the United States—a rectangular — 


system. ‘The easement to the road being by prescription, the abutting owners, — 


in turn, had access to the road at all points of contact for trade and barter of 
the products of the land. Originally, the township paid for the construc- 
tion of the roads on the section and quarter-section lines; then, some one in 
New Jersey applied the “scientific method.” By observation on a certain 
stretch of road, he found not only local township wagons, but wagons from ad- 


joining townships and from townships far beyond. He reached the conclusion — 


and was able to convince the Legislature that the State should con- 


tribute. The first legislative act was to require that the abutting property — 


owner pay one-tenth of the cost, the State one-third, and the county the re- 
mainder. Thus began, “in principle, the taxing of urban units for the develop- 
ment of country roads. 

Toll Roads.—The first attempt at creating thoroughfares of communica- 
tion was the establishment of toll roads in the Eighteenth Century. The first 
cost and maintenance was borne by chartered turnpike corporations, and the 
users paid a toll to reimburse the owners. These companies had the right of 
eminent domain and could appropriate existing highways when necessary. 


The turnpikes were public highways, in every respect, and were free to all - 


except that the legal toll must be paid as a condition of use. 

One of the great toll roads of history was constructed by the United States 
Government. The Cumberland Road, or National Turnpike, from Fort Cum- 
berland (Baltimore, Md.), across Pennsylvania, Ohio, and Indiana, to Van- 
dalia, Ill., about 800 miles, was a Government project. It was begun in 1806 
and finished in 1844 under a Congressional Act of 1796. It was financed by 
the United States Treasury which was supposed to be reimbursed from a road 
fund. This road fund was created by setting aside one-tenth of the proceeds 
of the sale of Government lands in Ohio and possibly other States. The 
cost of the pike was $7000 000, and it carried an annual traffic of 3000 
wagons. ; 


Government aid for road building was stopped about 1840. It was then 


advocated that the States should build their own roads and the Government _ 


confine its financial aid to territorial and military roads. . 
Steam Roads.—Coincident with the development of the toll road, but 
beginning later, was the wonderful and rapid promotion of the steam rail- 
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road. By 1840, it had demonstrated its ability to compete with toll roads. It 


‘operated over a private right of, way and its destination was a succession of 
terminals. Owners of abutting property had no-right of access. to its right 
of way except at terminals. Encroachment, on the right.of way or trespass 
was. punishable by, law. Land was often given for terminals by abutting 
owners who recouped by enhancement in value of their remaining Jand; or 
the railroad companies bought the land at a proposed terminal and reaped the 
benefit of this increase in value—a benefit brought, to it by the railroad which 
made it accessible to other terminals. 

- Railroads were financed by private capital, land grants, gifts, and Goyern- 
ment loans. Shippers paid the entire cost, of moving their products or com- 
modities over the railroads. 

Trunk Highways.—The present-day road-building. activities, began: with 
Federal aid. For twelve years, appropriation, bills were written and killed 
prior to 1916, when the Act was suecessful.; It provided, that the Federal 
Government should extend aid to the States for, the construction of rural 
post roads and for other purposes. These enormous expenditures ($125 000 000 
per yr in 1931, 1982 and 1933, of Government aid matched by.an equal amount 
from the States) made possible the great network of interconnecting trunk 
highways over the United States. 

State funds are produced from gasoline tax, motor-vehicle license tax, 
wheelage tax, mileage tax, and bonds. ° 

Urban. Streets——In urban centers the principal use of land is for. streets, 
parks, and building sites. The street system is, usually created by, dedication 
in a town-site plat. Many cities were started during a great speculative era 
when more thought was, given to land as a commodity and. the profits. to, be 
made from it than the development of a street system for a city. He 

Widths of streets were determined by the vision, generosity, or cupidity of 
the owner or developer. Tn fact, so little was known about street widths that 
habit probably determined many of them, and the 60-ft street became fairly 
common. It was considered a suitable boundary for lots. 

In some notable instances, thoroughfares of ample width were laid out to 
serve the street system of the business center, but more often no thorough- 
fares were contemplated. For speculative reasons certain uses were estab- 
lished on these streets. Some of these uses could have been better served on 
wider streets while others could be served on narrower Oncs.» 

From 1870 to 1920, city populations ‘worried along” with this inadequate 
and poorly designed street system, and improper location of structures and 
uses. 

_ The introduction of the motor vehicle has: compelled a larger floor area 
for transportation uses. Thoroughfares have had to be created to serve centers 
and minor street systems. There has been much widening of mercantile 
streets and connections and construction of parkways for passenger ears, 
arterial. streets, express highways or. super-highways—all-purpose. thorough- 
fares and cul-de-sae street systems in residential: districts. Where not created 
in new: land. these have been obtained at an..enormous cost. ' 


‘quired under its powers of eminent do 
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Financing Pusric ImproveMENTS 


The procedure for financing public improvements varies from place to 
place and from State to State ; but, speaking generally, when a group of 
citizens want their street graded, widened, or paved, or when they want a 
sewer put in or a sidewalk built, they enter into a co-operative agreement with 
the municipality, under which the latter does the work and those who benefit 


by the construction pay for it. The State gives the right to a governmental . 


unit to do this under quite elaborate legal protective restrictions. 
The necessity of a municipality handling these co-operative individual in- 
vestments in local improvements can be explained by one simple example. If 


a group of citizens wishes to construct a sidewalk the following are some of — 


the questions that would arise. To what grade should the walk be laid? (Each 
owner will want the walk as near to the level of his property as possible.) 


Shall the walk be 4 ft or 6 ft, or some other width? Shall it be built of con- | 


crete, brick, or cement tile? ° Shall it be a cinder or board walk? Shall it be 
laid along the property line or in the middle of the reservation, or along the 
curb? Is a walk necessary at all? Who would underwrite the construction 


cost in order that a contract might be let? How would collection of each 
one’s portion of cost be made? 


It is not possible for a 


group of people to arrive at an agreement on these 
things, due to difference 


in culture, experience, knowledge, notions, and 
financial ability to pay, and if each laid his own walk a construction Babel 
would be the result. The municipality, therefore, carries out the work accord- 
ing to its engineering standards; pays the contractor from moneys which it 
has arranged beforehand to have on hand through a tax levy or bond issue or 
certificates of indebtedness, and collects back from the citizens the éost of the 
work, justly apportioned to each according to benefits, in installments with 
interest. If these costs are not paid they become a lien on the property and 


are added to the taxes, and when the taxes are paid the assessment must be 
paid at the same time, or the property is sold. 


In many States a municipalit 
ments as a public convenience 
owners benefited. 

The three great powers of Government 
the power of levying taxes; and the power of collecting the construction cost 
for local improvement work from property owners as a benefit assessment. 
No greater power exists. Ownership of land infers simply the right of pos- 


session contingent on payment of taxes and assessments; otherwise, possession 
passes to others. 4 


In street thoroughfare widenings, 


y also has the power to order such improve- 
and necessity and to collect the cost from 


are: The power of eminent domain; 


resets the curb, widens the pavemen 
moves light standards, fixtures, ete. 
citizen’s money in street improveme 
opportunities. It pays the owner f 
of new front remodeling, 
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ete, and it pays the contractor. It then proceeds to collect the cost from 
citizens that are benefited. This may be done by a special assessment or 
through a tax levy, or both. ' 

Tf it can be shown that certain property. receives a benefit or peculiar 

advantage by construction work authorized by the municipality, that property 
may be assessed: for the cost. It is the property owner’s investment in an 
improvement. If the benefit or advantage is to the entire city, every piece of 
property in the city may be assessed. This is probably never done, as it is 
simpler to spread the cost on the tax roll and collect it with the real estate 
tax. 
If the benefit or advantage is greatest to abutting property on a street, but 
also extends to a district or to the entire city, but in a lesser degree, a gradu- 
ated assessment may be spread over the street or district, and the remainder 
may be collected as a tax on real estate, remembering that the ones assessed 
must also pay the tax, because a real estate tax covers every parcel. If the 
benefit or advantage is entirely to the street the abutting property on that 
street may be assessed for all the cost. 

A benefit assessment is a bill for construction work done by the municipal- 
ity for a group of property owners to enhance the social, economic, and phy- 
sical usefulness of their property. To insure uniformity of construction, com- 
pliance with engineering specifications, and equitable distribution of the cost, 
the municipality makes the investment for the property owners and: col- 
lects the bill. 

To determine the value of thoroughfare improvement is at best a mat- 
ter of forming an approximate estimate. 

In Providence, R. I., all paving is paid for out of a street-paving fund set 
up in the budget each year on the theory that all citizens were benefited by 
paving. Cities and towns in Virginia are constitutionally prevented from 
levying special assessments for local improvements, except that cities of more 
than 500 inhabitants per sq mile may assess abutting property owners for side- 
walks in existing streets, for improving and paving existing alleys, for con- 
structing sewers, or for the use of sewers. 

In St. Paul, Minn., it is assumed that 24 ft of paved roadway is sufficient 
to serve abutting property and that if a greater width is necessary it is for 
the benefit of the city at large. It is a charter provision that 24 ft, or less, of 
pavement may be the investment of the abutting property and that such an 
jnvestment cannot, be required of the owner oftener than once in fifteen years. 
The remainder of the cost is the city’s investment and amounts to from 44 to 
58% of the total cost. The amount to be assessed for a sewer is decided for 
each particular case; there is no limitation, the amount assessed depending 
on the value of the property and the benefits. On the other hand, water 
mains are assessed at $1.00 per front ft, payable in ten yearly installments. 

In Minneapolis, Minn., one-third the cost of paving is paid for by abutting 
property, one-third from the current paving fund, and one-third from bonds 
running for thirty years. Abutting property owners may be assessed $2.50, or 


4 
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less, per-front ft for a sewer, the remainder being paid from a bond issue 
or by general taxation. 

These are arbitrary rules laid down for convenience’ and to prevent dif- 
ficulties that would result from more refined methods. Sometimes they are 


inconsistent, but they work. The methods used in each city are usually‘ con= 


sidered, if not absolutely equitable, at least the best they can “get away with.” 
In street widening, or openings, the apportionment of | cost is ot so 
simple—land must be acquired and owners want money for land: No simple 
rules have yet been devised such as are used for other public improvements. 
The owner demands all le can get in damages and escapes all he can in the 
award of benefits. Land values are determined by appraisers; the building 
damages are determined by engineers, architects, or contractors, 999 > | 
The building damages can be determined accurately and beyond serious 
dispute, but the determination of land values is difficult. Expert testimony 
may develop differences that cannot be reconciled. Such expert testimony re- 
flects the psychological attitude of the individual. Tt may be baséd on facts, 
or it may reflect an intoxication of optimism and imagination. The muniec- 
ipality must accept'a reconciliation of these mental attitudes as representing 


the actual value’ and may proceed to pay the cost and to apportion the bene- 


fits to the property which, in its judgment, has recéived an advantage ‘or 
benefit. Lal 
The apportionment of the amounts of assessment in each case is the most 
intricate problem confronting a city. tcl e 
In 1913, the City of St: Paul widened Robert Street, a mercantile street. 
After considering various ways of financing the project, the majority of abut- 
ting owners on thé street: agreed with the City that’ they would pay the cost. 


. The City instituted condemnation proceedings acquiring 20 ft on the! west 


side from Second Street to Central ‘Avenue, twelve blocks, of which six blocks 
were in'the heart of the retail district. The street was widened from: 55 to 
75 ft. Theoretically, the owners on the east side of the street who were undis- 
turbed paid one-half the value of the land and buildings taken on the west 
side. The owners of the property on the west side, which was cut off from 
the widening, accepted one-half the value of what they gave up: ‘The entire 
street was repaved, and both sides paid. The cost was: $1000 000, or at the 
rate of $250 360 per mile. G Cy 

In 1923, the widening of Robert Street was extended north 1500 ft., con- 
necting with University Avenue by cutting through a hill and separating the 
grade with one of' the cross-streets (Cedar Street). This made a’ continuous 
thoroughfare from the University of Minnesota, in Minneapolis, to the heart 
of the business district of ‘St. Paul, a distance of six miles. This extension 
cost $260 000, and it’ was assessed largely over that part of: Robert Street 
originally assessed: Tt was regarded as a completion of that project. 

In 1927, the new Robert Street Bridge with a 56-ft roadway ‘was built 
over the Mississippi River, at a cost of $1 800 000, and ‘through’ @ period of 
three years other Widetiings were completed, making ‘Robert Street a con- 
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tinuous thoroughfare to South St. Paul, three miles, and there connecting 


with a State trunk highway. ; 
_. The value of property on Robert Street was never enhanced to equal the 


-assessment of $1260000, although it was approaching it in 1928 when 


the value curve turned downward. The street was widened to preserve its 
business character, to make the business houses more accessible, and to pre- 
vent mutation. It was the desire of the owners in 1913 to make it an arterial 


street and this was accomplished. 


Re On Robert Street, at Seventh, are two large department stores, each of 
which do an annual dollar volume business exceeding that of any other retail 
store in the Northwest. There are also two large clothing houses, banks, 
hotels, office building, brokerage houses, restaurant, and shops. The widening 


02 the street started values upward. The increase of through motor travel 


pulled values downward, 
Seventh Street, in St. Paul, runs at right angles to Robert Street. It is 


the leading retail street and on it may be found the highest land values in the 


retail district. It is a 60-ft street with a 40-ft roadway, and 10-ft sidewalks; 
and it accommodates a double-track car line. ‘The Planning ‘Board recom- 
mended that the street be arcaded for five blocks, placing the sidewalks within 
the building and widening the roadway to 56 ft. “During the discussion, prop- 
erty owners asked for an estimate of cost for a physical widening, making an 
86-ft street with a 56-ft roadway, and two 15-ft sidewalks. ‘The estimated cost 


* 


was approximately $6 500 000, but an analysis of these figures disclosed that 


if the property owners would give the land and each pay his actual reconstruc- 


tion ‘cost; that is, tearing down 18 ft of his building, constructing a new 
front, re-arranging the interior, paving an additional 8 ft, and. building a 


 15-ft sidewalk, the actual cash outlay on the part of the property owners would 


have totaled approximately $1 000 000: This difference is the so-called value 
of the land and buildings taken. Now, if the City had proceeded with con- 
demnation proceedings and allowed damages amounting to $6 500 000, and 
then declared benefits of $5 500 000, the same results would have been obtained, 
but the property owners and every one else knows that such an award of 
benefits would be attacked, although it is equitable and just, and the property 
owners’ would stand a good chance of winning their case in Court, because of 
the attitude of the Courts toward property values. 

Where street widenings are necessary, it is because the original dedication 
of width was not sufficient. The original dedication for a street was made 
from the: land, the owner absorbing his loss of area and benefiting by  ac- 
cessibility to all parts of the remaining portion. Where a street is widened 
by the power of eminent domain, it is to correct the error of the original 
dedication. ) 

The L’Enfant Plan of Washington, D. C., provided 90, 110, and 160-ft 
streets.) These wide streets were no burden to the city or to the property 
owners, as only that part was improved that was needed for traffic—the abut- 
ting owners using the excess width of street as yards. When it ig necessary 
to widen.a street in. Washington, no condemnation. proceedings are neces- 
sary, the roadway is widened by setting back curbs and sidewalks. 


q 
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Users SHouLD Pay 


The widening of a street can only be supported by arguments based on sur- 
veys and a careful analysis of the survey data. Physical units are not the 
only ones to be counted. There is a social aspect, an economic condition, and 
a psychological viewpoint. Furthermore, if there is a chance of decreasing 
the cost of distribution, the advantage accrues to the owner, to the traffic, and 
to the customer. f 

In a city the character of use determines the width of the street and the 
width of the roadway, the latter being based on the almost uniform laws 


establishing vehicle widths. The following road width (in feet), will be con- 


sidered standard: 


For residence districts, minor streets..........s.eeeeeee 27 
For residence districts, major streets..........0ceeeeeece 36 
For approaches to residence districts, or arterial streets... 36 
For mercantile businesses, or for multiple-family homes. . 56 


Arguments for these roadways may be found in all literature on the sub- 
ject. They are the required roadway widths for such uses of property. The 
width of the street is the width of the roadway required, plus the width of 


the sidewalk required, plus planting and embellishment strips desired. The 
owners of abutting property should pay the entire cost of the right of way or 


street width in these cases. 


The paving or surfacing of these roadways and the question of who shall 


pay the cost must be determined locally, depending on values, on use, and on 
general custom. There is always some through traffic on all streets in a vary- 


ing volume. If owners of motor vehicles pay a personal property tax, a 


gas tax, and a wheelage tax (or some combination of the three), these moneys 
should be set aside for paving or surfacing purposes. 

For arterial streets, express highways, super-highways, and trucking ways, 
consideration must be given to acquiring the land for a right of way or for 
a widened right of way through general taxation of, bonds of, and special 
assessments of, districts or terminals, It would be unusual for the owners 


of abutting lands to profit; the property may even be depreciated by these — 


thoroughfares unless a buffer right of way is provided, broad enough to pro- 
tect the abutting owner from the noise, heat, and fumes of traffic. 

The right of way for a parkway should be wide not only for landscape 
purposes, but (more important) for protecting the near-by property owner 
from the undersirable features of traffic; and, where there is no access of 
abutting property, there should be no assessment except where the property 


may be a part of the assessment district. If service drives for abutting prop- — 
erty are constructed on the parkway lands, the value of this part of the land © 


and the construction cost should be assessed to the abutting property, pro- 
viding the development has not taken away an existing frontage right, in 
which case the law would require that the service roadway be provided at 
the cost of the municipality building the parkway. In general, there is a 
right of access to all property which should be paid for by the owners of that 


ee ee 


a 
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property, but the right of access may not be by way of a parkway, artery, 
or super-highways, ‘except as use is made of the same right of way. 

In the case of highways between terminals the same principles apply. The 
right of way must be acquired and paid for by assessments of the district, or 


preferably the terminals, and the grading, paving, and structures by the users 


—motor-operated vehicles through license fees, gas tax, and wheelage tax. 

It would seem to be a basic principle that land for streets or for street 
widenings, of the standard widths required by the use, should be provided by 
abutting property without cost; that is, in condemnation proceedings, benefits 
and damages should be made equal for land acquirements. Why should the 
owner be paid for the increment in value that has been created by the people 
of the city? The only difference in the value of a lot in the Sahara Desert 
and a lot on Fifth Avenue, in New York City, is the spirit of business that 
surrounds that lot, and that spirit of business was created by the people of 
New York. The owner receives his remuneration in the increased value 
of his remaining property and in obtaining the accessibility which his busi- 
ness required. 


q 
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ECCENTRIC RIVETED CONNECTIONS 
By EUGENE A. DUBIN,’ Esq. 


SYNOPSIS 
Formulas and corresponding curves for designing riveted connections, sub- 
jected to eccentric loads, are developed in this paper. The general equations 
express, directly, the relationship between the load, the eccentricity of the load, 
the stress in the extreme rivet, the spacing of the rivets, and the number of 
rivets in the group. 


Although riveted connections subjected to eccentric loads are frequently 
- encountered in practice, the method of designing them is essentially a matter 
of “cut and try”; that is, the rivet group is assumed and the stress in the 
extreme rivet is checked. Hitherto, “families” of curves have been made for 
use in designing this type of connection, but it has been difficult to interpolate 
for values between such curves, and beyond the range of the curves the “cut- 
and-try” method must still be used. Furthermore, the probability of reading 
values, incorrectly, is great, due to the complicated nature of such curves. 
Tables are also available, but they, too, offer no accurate means of interpola- 
tion for values other than those listed. 

The formulas and charts presented with this paper are suggested to replace 
those now in current use. Accurate and quick results are possible with these 
curves due to the inherent advantages of an alignment chart over a “family” 
of curves. The general formulas herein developed, express directly the rela- 
tionship between the load, the eccentricity of the load, the stress in the 
extreme rivet, the spacing of the rivets, and the number of rivets in the group; 
but the resulting function of n (the number of rivets), is difficult of solution 
algebraically. However, a graphical solution of this function is possible by 
means of an alignment chart. The problem has been restricted to a con- 
sideration of the case in which the action line of the load is parallel to the 
rows of rivets in the group. Figs. 1 to 4 are offered for the solution of cases 
that occur most commonly. The charts are for groups of rivets containing 
from one to four rows, and for the one case of 3-in. spacing of rivets. Fig. 2 
is made to cover all, cases in which the spacing between rows of rivets varies 
from 8 to 10 in. For connections of three and four rows of rivets only one 


. 


case is presented—that of 3-in. spacing between rows. For cases beyond the 


an os 
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range of the charts, in which the “cut-and-try” method is used, the formulas 
for the polar moment of inertia of the rivet group, and the distance from the 
center of gravity of the group to the extreme rivet will aid materially in 
the solution. ae 

For checking the strength. of..connections..not..covered. by the charts the 
formulas developed are quick and easy of solution. Fig. 1 is useful for 
designing plate-girder web, splices. when the common assumption is made that 
the stress in each rivet, due to bending, is in direct proportion to its distance 
from the neutral axis of the group. To design web splices, then, it is only 
necessary to divide the shear and moment of the web uniformly between the 
assumed number of rows of rivets on each side of the splice, determine 
the eccentricity of the shear (the moment divided by the shear), and proceed 
to use the charts as for any eccentric load. In the same manner, Fig. 1 may 
be used for a preliminary design for connections of more than one row of 
rivets that lie beyond the range of, the other charts. 


ForMULAS AND DerIvATIONS 


To use the charts, lay a straight-edge across the three scales of the chart, 
intersecting two of them at known values. The point at which the straight- 


edge intersects the third scale is the desired value. The following notation is — 


presented for the convenience of discussers: 
a = a number; thus: a (a + 1), (2a + 1), ete; 


d = diameter of rivet; 

e = eccentricity of load with respect to the center of gravity of the 
rivet group; 

n = total number of rivets in a group; 

DP, =i)pitch; esti nL. ee 

r = distance from the center of gravity of the group of rivets ;. 19, 
to the extreme rivet; 7, 7, ete., to Rivets 1, 2, ete, of a 
group; and S7° = polar moment of a group; G4 

s = total stress in extreme rivet, or allowable total stress; 

w = width of a strip,or distance between rows of rivets parallel to 
the axis of the member; 

#« = an unknown variable; 

Arles a 

8 

P = load, with line of action parallel to the rivet TOws; 

S = section modulus of'a group of rivets; 

# = an angle between vectors (Fig. 2(d)); 

= = summation;: 37° = polar moment of. inertia of a group. of 
rivets; and, 

@ = an angle measured at the center of gravity of a rivet group 


(see Fig. 2(d)). 
Example 1—One Row of Rivets—The stress in the extreme rivet (Fig. 
1(a)) is the resultant of the shearing stress and the stress due to bending, 
. - - $ “a | . : 
which, for one row of rivets, is at 1’ ght angles. Therefore, s? = (2) oe (E22), 


Say As a ante > Se 
(g)a(e] i ($3) a ca 


or, 


oes 
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in which, 
| (n. — 1) 
2 


and Sr? = 7, + 16 ct Se ee ro. With an odd number of rivets in the 
TOW: = P, f2 = QW, ete.; and, 


To = P Bia AS ge ey Ss ces tiles CO) 
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(b) For A < 5sqin. 


| 1.0 20) 


Fig. 1.—Onr Row or RIVETS WITH A 3-INCH PITCH. 
The sum of a series in 2” between the limits, 1 and a, is given by the ex- 


: a(at+ VQe + 1) : EP ocatone 


pression, 2 x? = 
1 6 


oS) 2p" [(E3Ce A iVoHi+y| 
6 2 / 2 


S re Geietodl).(iiok Mbha wniiagewny Jasons (3) 


Although the expression for the polar moment of the rivet group (Kqua- 
tion (3)) was derived for a row with an odd number of rivets, it can be proved 
true for a row with an even ‘number of rivets. 

Equations (2) and (3) may be substituted in Equation (1) and the result 


written as, 


(?\ 0 (4) 6 eee owl ode (4) 
A on (n + 1) nv 


. 
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in which, A = Fy For constant values of p this equation takes the form, 
$s : 
| FLAY VRC) & fs eS fi at eee (5) 
an a standard type of equation soluble by an alignment chart. 
E The section modulus, S, of any group of rivets is: , 
2 
Lee RMT ELE NAS Buys Re ene pee) 2's (6) 
: (is 6 
and, therefore, Equation (4) may also be written: 
2 pp? 2 , 
Ae oe Po en tO ete a er (7) | 


A? n? (2 T2)2 nr S? 


The alignment chart, Fig. 1, is a device for solving the foregoing equations. 
With any two of three values known (required area of rivets, number of rivets, _ 
or eccentricity), the missing characteristic of an eccentric riveted connection 


= can be determined. 


Let A = bi (< 5) = 1.23, and e = 10 in. The broken line from A = 1.23 { 
8 


: (Fig. 1) to e = 10, intersects the diagonal line to indicate that such a joint _ 
requires a single row of five rivets. 


a Example 2—Two Rows of Rivets—The stress in the extreme rivet (Fig. 
2(a)) is the resultant of the shearing stress and the stress due to bending, as 7 
{ shown in Fig. 2(d). * Then, 2 
y 


2 2 
Cp Ss (é) “fs (22) eo () (22) cos 6 
n =P n sr 
and, cos @ = — cos 6 = — —”, ; 
21 


ti . PY PernY Pew 
gen} fs 0 
‘ (i) + (Seey + ee 


or, 
WN 61 ew 
(4) + (22) asf ae pe ha 6 ds or aah tan (8 


The vertical component of 7 may be obtained from Equation (2), and the 
horizontal component added to it vectorially; thus 


Therefore, 


aay 
Pi 


et 2 3 z 
fe 2 ; ; 5 
=| oh 2] +2]= 1G ee bat (9 


7 
iy . 
¥ 
q 
‘ 
} 
| 
) q 
The vertical components of 7° for one row of rivets are obtained from 
; 
: id . 


tS ee ee Rig er es 
<=. 
"y | 
= 
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pe 


Equation (3), with n replaced by O. 5 n, and the result is multiplied by two 


for the two rows of rivets. : 


The horizontal components of 37° are n () 
2 


- gp ib ae all te : 


td 
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therefore, 
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Ratio of Load to Rivet Stress, A 


5 


Fic, 2—/Two Rows of RIVETS WITH A 3-INCH PITCH. 


Equations (9) and (10) may be substituted in Equation (8), but the result- 
ing function cannot be transformed to fit any standard form for which an 
alignment chart may be plotted. Nevertheless, a graphical solution is pos- 
sible by a method developed by Mr. A. Wertheimer, of the Bureau of Ordnance, 
United States Navy Department. The result may be brought to any desired 
y by successive approximations. The charts for two, three, 


degree of accurac 
d by this method. In no case will the 


and four rows of rivets were constructe 


error in the charts exceed 5 per cent. 
Referring to Fig. 2, a formula similar to Equation (7) may be written: 


bv ad eae) 6 elo e 6 2 ahs, 0. 670 


— 


838 ECCENTRIC RIVETED CONNECTIONS 


For this case, 


and, 


See & 


” in — 2) (n + 2) + ae dnb sds Sa sa 


The n-curves of Fig. 2 are a series of curves for constant values of n and 
varying values of w, in which, w varies from:3 in. to 10 ame The n-curves are 
graduated in units of w = 1 in. 

Fig. 2 is used precisely the same as Fig. 1. With the numerical data in 
Example 1 enter Fig. 2(b) as shown by the broken line, which indicates a — 
joint of four rivets, about 84 in. apart along the axis, and a 3-in. pitch. If A 
is more than 5, the problem is solved in ees 2(c). 
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Fic. 3.—TuRee Rows op Rivers: (p= = 8 'IncHES AND w = 8 wei) 


Example 8.—Three GE ze Rivets. Saale to © Equation an, for the 
case shown in Fig. 3(a): . - 
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7 


and, 


Ratio of Load to Rivet Stress, A 


1.0 


(b) For A < 5sqin. 
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, 
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Aes Bane ne Taye ee ei 15) 
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As before, entering Fig. 3(b) with A = 1.23 and e = 10, the broken line 
intersects the diagonal at slightly more thann = 6, say, n = 9. 


Eccentricity, e, in Inches 
oe 
Eccentricity, e, in Inches 


fon) 


Ratio of Load to Rivet Stress, A 


(c) For A > 5sq in. 


Fic. 4—Four Rows or RIVETS (p = 3 INCHES; 7, = 1144 INCHES ; AND 6 = 8 INCHES). 


Example 4. 


—Four Rows of Rivets—If wi = distance between inner rows 


of rivets, and w. = distance between inner row and outer row: 


jn which, 
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ibe ae Gee eh ates 7 

For the case, wv. = w. = w: 


1 gk Cs 8ew 
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j Dy 2 3 | 
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ra 


in which, 


and,. 


Entering Fig. 4(b) with A = 1.23 and e — 10, the broken line intersects _ 
the diagonal at about n = 5, say, n = 8. me 


The formulas for Examples 3 and 4 are developed in a manner similar to 
those in Example 2. 


Conclusion 


The problem of eccentric riveted connections can be simplified by the use 
of an equation expressing the number and spacing of the rivets required, as a 
function of the rivet stress, and the load and its eccentricity. : 


The method and charts presented in this paper can be extended to cover | 
cases other than those illustrated. a 
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DETERMINATION OF TRAPEZOIDAL PROFILES 
FOR RETAINING WALLS 


By A. J. SUTTON PIPPARD,? M. Am. Soc. C. E. 


Synopsis 


In spite of recent advances in the theory of earth pressures, that due to 
Rankine is still widely used by engineers in designing profiles for retaining 
walls. The design is usually a matter of trial and error, a suitable section 
being guessed and then verified to see that it satisfies the conditions of 
stress required. A method of direct design is given herein which enables a 
profile to be determined rapidly. Cases dealt with are those of walls with 
vertical and sloping backs and with the earth level with the top of the wall, 
or surcharged. The base width of a suitable wall can be determined quickly 
for any value of height and top width by the use of diagrams and simple 


mathematical formulas. 


| (1) Whatever may be thought of the merits of the Rankine theory of 
earth pressure in the light of modern research it is still used widely as a 
basis for design. The object of this paper is to present a convenient and 
rapid method of determining the profile of a retaining wall, which will just 
2 satisfy the usual criteria for strength when it is subjected to an earth 
pressure calculated by this theory. 

. The walls considered are trapezoidal in section. The earth surface is 
either inclined at an angle or level with the top of the wall; that is, the wall 
may or may not be surcharged. 

This problem generally involves either a somewhat laborious computation 
or a process of trial and error in combination with a graphical analysis. By 
the help of the diagrams given, the work is reduced considerably. 

(2) The late Sir Benjamin Baker, Hon. M. Am. Soe. C. E., has stated* that, 

“Experiment has shown the actual lateral thrust of good filling to be 


equivalent to that of a fluid weighing about 10 lbs per cubic foot, and allow- 
ing for variations in the ground, vibration, and contingencies, a factor of 


Nots.—Discussion on this paper will be closed in November, 1934, Proceedings. 

1 Prof. of Civ. Eng., Univ. of London (Imperial Coll.), London, England. 

2“The Actual Lateral Pressure of Earthwork,’ by the late Sir Benjamin Baker, 
Hon. M. Am. Soc. C. &., Minutes of Proceedings, Inst. C. E., Vol. LXV, p. 183. 
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safety of 2, the wall should be able to sustain at least 20 Ibs fluid pressure, 
which will be the case if 4+ of the height in thickness. 

“It has been similarly proved by experience that under no ordinary conde 
tions of surcharge or heavy backing is it necessary to make a retaining wall! 
on a solid foundation more than double the above, or 3 of the’ height in thick- 
ness. Within these limits the engineer must vary the strength in accordance » 
with the conditions affecting the particular case.” 


The assumption of a fluid pressure of 20 Ib per cu ft only gives the same > 
result as a design based ‘onthe Rankine hypotheses for certain specific com- - 
binations of earth density and angle of repose. ‘Thus, if pe is the unit weight ; 
of earth fill, ¢, the angle of repose, and H, the height of the wall, the lateral | 
pressure on the vertical face of a non-surcharged wall is, by the Rankine : 


theory, 
: ag 
p= fe Hf) ‘ne ) he i (1) 
2 1+sn¢@ 
whereas, that on a wall retaining a fluid of density, prs 18, 
an 
P — PL 2 
BT ne vifenpne oes rineinle sad De olde ( ) 
For these to be equal it is necessary that, 
Sige ae ee nee (3) 
1+sng 


This is a general relationship, but if pr is made equal to 20 Tb bpd cu ft, 
Equation (3) becomes, | 


1 — sin @ 20 
1 + sin @ Os Pe 
and for any value of pe there will be a corresponding value of ¢, which will 
give the same pressure as that calculated from Equation (1). 


50 


es al arty 


cS 
ao 


Angle of Repose, ¢, in Degrees 


0) 20 40 60 80 100 120, «140° —S “160 
f | Unit Weight, p, , in Pounds per Cubic Foot F ety wit 


Fi 
Fig. 1. ${T3) I 

Fig. 1 shows the range of combinations of pe and ¢ that will satisfy Equa- : 
tion (4), and it “is evident that only a small region on this curve gives 7 


simultaneous values of pe and which are > likely to be associated i in practical | 
material, ! 


dee . 
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(3) This method of viewing the problem can be used more generally, 
however, since for any values of pe and ¢, a value of p, can be found from 
Equation (3), which will give exactly the same “Rankine” pressure as the 


earth considered. 


This equation can be written in the form, 


epee logon log (aa) Tt ogee: Lee) 
1 + sin od 


which lends itself to simple nomographic representation as shown in Fig. 2. 

Tf a line is drawn on this diagram joining the known values of pe and d 
on the two outsides lines, its intersection with the middle line gives p, at once. 
As will be shown later, however, there is no need to calculate the value of P 
from Equation (2) because a suitable profile can be obtained directly from 
the value of p, thus found. 


(4) The case of the surcharged wall is not quite as simple as that just 


- dealt with but, nevertheless, can be exhibited in a similar form. If a is the 
angle of surcharge, the earth pressure acting at one-third the height from 


the base is, according to the Rankine theory, 


2 he. 2 ay 2 
Pee cos: 0) es NV cos? a C08 OL ele ee (6) 
cos a + NV cos? «%— cos’ 


and this pressure is assumed to act parallel to the earth surface. The unit 
weight of the equivalent liquid is now, 


cos a — A/ cos? a — cos? (7) 
Pr = Pe COS @ Sean cenene Me MeaIar #4 IN 5 
cos « + A cos? «a — cos? 


-¢ COS ‘ 
and, if EUs = a, this becomes, 


cos « 1 
=a sat ee) 

fo -2( Mui = ee a eae (8) 
cos @ a fie oN ee 


Writing Equation (8) in the logarithmic form: . 
PL_. — log pe + log Lo N ae Po anaes (9) 
cos ad +N 1—@) 


which can also be expressed as a nomogram as shown in Fig. 3. 


log 


To use this diagram the value of cos is first calculated, and the point 
cos a 


on the right-hand line corresponding to it is joined by a straight line to the 


~ value of pe on the left-hand line. The intersection of this connecting line 


with the middle line of the diagram: gives p . , and this needs only to be 
cos 


multiplied by the value of cos ¢ already found, to give pz. 
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(5) The value of p, having thus been found 
either from Fig. 2 or Fig. 3 (as appropriate), 
the profile of the wall must be determined. 


of height, H. The known top. width is b and 
the base width, to be determined, is B. 

The pressure, P, acts at one-third the height 
from the base and is parallel to the earth 
surface. The resultant of the inclined pres- 
sure, P, and the weight of the wall, acting 
through the center of gravity of the profile 


Line of Action of Resultant Vertical Force 


ee eB, from Point C, the heel of the wall. It is 
~ convenient to resolve the inclined pressure, 
bee P, into a horizontal force, P cos a, and a 

P cosa 2 . 
vertical force, P sin a. 

By taking moments about C, the distance 
of the center of gravity of the vertical forces 
from C is found to be: 

CH = BP+Bb+P 
(B+) +55 SRe 


Pm 
'R W+Psina in which, pm is the unit weight of the masonry 
; Bree 4; of which the wall is built. Then, DE = eB 
ae CF Bs and, total vertical force Hf . When P is made equal to py H* 
P cos « 7 34D 2 


this leads to the result: 


|B Gers 1)+ Bb (8e—1)—B + 8ec0BHsne=—o Hcose » A{ 10) 
in wltich, o is the ratio, Pr. 
i Pm 
(6) If the usual condition is adopted, that there shall be no tensile stress 
at the back of the wall, e must be two-thirds, and Equation (10) then becomes: 


BY + B(b+ 20H sin a) —(o H? cosa +b) = 


and the solution of this equation is: 


2B=—(b+ 20H sin a) + V 50+ 40H (H cosa +t o Hsin’ a+ bsin a), (11) 


Tf b is made zero, the profile of the wall is a triangle and, ie 


B F 
Wom NM atsint a + ¢ cos a — osing Prins Se -(12) 
With a = 0, Equation (12) reduces to the well-known result for a non-— 


ae wall: 


Fig. 4 shows the section of a trapezoidal wall - 


cuts the base joint at Point D, a distance, — 


C- eee 


shy me 


B= HN @ 6.0% oie eee ee (13) | 


ie 
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The family of curves plotted in Fig, 5 enables = to be found for any 


values of g and a, and the profile of a triangular wall, to satisfy the Rankine 
‘theory, is thus determined directly from the value of p, found from Fig. 3 
without the necessity of calculating the value of P. 


0.9 
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(7) To determine the trapezoidal profile of top width, b, proceed as fol- 
lows: Let By be the necessary width of the base of the trapezoidal section 
given by Equation (11), and B, the base width of the triangular wall, which 
would satisfy the conditions and which can be found as explained previously. 

- Then, the reduction in the base that can be made, due to the provision of a 
top width, is, B — Bo = B’. Substituting from Equations (11) and (12): 


si i ee 
4¢ (cosa +a 8in® a) 


Bom Lae eeet ove | 
H 2 2 


a eagle TANT 


RN iy Re eee 
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in which, n is written for Be, Expanding the root in the bracket and retain- 
H ; 


ing only the first two terms as giving a sufficiently accurate result: 


IRs n a 5v7+46¢ns8in « ) 


ee 


ee aS: No? sin? a + o cos « ; 
Substituting for Ur ae tly eee from Equation (12) this reduces to, 
Bi 5b 
1 eee: Hf OH Nae eee oe (14) 
—-+osine 


In this connection, = is taken from the curves of Fig. 5. Owing to the 


: : : B' a 
omission of terms in the expansion of the root of the equation for 7 , this” 


correction is slightly smaller than an exact result would give, but the small 
error introduced is negligible in view of the nature of the problem and, in- 
any case, is on the right side. 


(8) Rankine suggested that the resultant action in the case of earth 
retaining walls might be allowed to cut the base within the middle three- 


4 


eighths instead of the middle third. This makes ¢ =! - in Equation (10), 


{ 
a 
} 
and it is found that the resulting base width of the wall is 3% less than | 
that determined by the curves in this paper. 4 
(9) As an example of the method suppose a profile is required for a wall 
20 ft high, retaining earth weighing 120 Ib per cu ft and having an angle of. 
repose of 45 degrees. The surcharge angle is 30°, the weight of the masonry, ~ 


140 Ib per cu ft, and the top width, 2 ft. , iH 
Since cos a = 0.866 and cos ¢ = 0.707, 2S % — 9.916. Then, from Fig. 3, 
cos a 


Pei ce ee 


= = 39.5, and p, = 39.5 x 0.707 = 27.9 lb per cu ft. Then, 
cos 


Thus, from Fig. 5, the value of = for a triangular wall is 0.328; that is, 


B= 0.328 x 20 = 6.56 ft. Since the to 
applied as found by Equation (14), or, 
B= 0.328 — 0.125 le 
0.328 + 0.098 


and the base width is 6.56 — 0.48 = 6.0 ft, say. Tt will be noticed that this 


thickness is well within the limits suggested by the late Sir Benjamin Baker 
quoted in Section (2). + 


p width is 2 ft, a correction may be 


0.48 


- 
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This profile is shown in Fig. 6 and a graphical analysis has been made to 
check it; thus, the weight of the wall = 4.0 x 20 x 140 = 11 200 lb per lin. ft. 
The earth pressure, by Equation (6), is equal to, 

60". 400% 3 

BO SOOT 0. 806 6 0-300 = 5 560 Jb, .per ft 
. 1.366 
The resultant of these forces is shown in Fig. 6 and cuts the base just inside 
the middle third, thus checking the result obtained by the use of the curves. 


Fie. 6. ‘ Fic. 7. 


(10) When the back of the wall is battered, the problem is more com- 
plicated, but the treatment to be given has the advantage of being a direct 
design method which is easily applied. In Fig. 7, let A C be the back of the 
wall battered at an angle, 0, to the vertical. Then, the resultant action on 
the back, A C, is compounded of the weight of earth represented by C DA 
and the earth pressure on A D, of height: h = H (1.4 tan a tan 0) = m H. 


Tf A EF is made equal to rh, in which, r is the ratio, fe | the masonry 
Pm 


triangle, C HA, is equivalent to the earth triangle, ( DA, as regards both 
weight and moment about A. Hence, the section, 7 C HAM, is the equiva- 
lent wall to resist the earth pressure on the face, D A. 


ie 
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The pressure on D A is proportional to pe m* H’, and is equal in magnitude 
to the pressure that would be exerted on J A if the filling had a density, pe’ 
= pe m’, and was surcharged to the angle, a. The earth surface for this 
equivalent filling is J K in Fig. 7. 

The procedure adopted is to design a wall of trapezoidal profile, F J A M 
(Fig. 7), by the methods previously explained, and to correct the base width 
thus found to allow for the inaccuracies involved. These inaccuracies are 
as follows: (a) The absence of the masonry triangle, C J FE, from the sec- 
tion reduces the weight of the wall from that designed, and also moves the cen- 
ter of gravity away from the back; and, (b) the center of pressure of the 


force acting on DA is at a height of . from A instead of A , as assumed 
3 


in the design. 

The effects are small and can be dealt with as follows: In Fig. 8, let 1 
be the height of the center of pressure above Point A; k, the distance of the 
center of gravity of vertical forces from Line A J; and, V, the total vertical 


force acting through the center of gravity = pm 6 x *) H + P sina. 


2 


Sy NALS ca. a, ce ae OTe eee ol ce bw’ 
N eA 
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Taking moments about Point K: 


1 Peosa=v(22—t) 


since MK = a The effect of small changes in V, 1, and k, on B is 


given by: 
5 ren Es sie 8 TH SS Ok 
OV. ol ok 
jn which, LS - , and are the partial differential coefficients of B 
re) ra) 

with respect to V, J, and k, and. V, 351, and 8k are the small increments 

of these quantities. It follows that Cre ak A lisesi 3 OB ge Ors ; and, 
Tio 2 ol 2: 
oB sere . In the present case: 
ra) 2 
hee me (1 — mr) H’ tan 0 


sy ME he 5) 
3 


ier FAG TNS) H? tan’ 0 


6k 
6V 
1, Pm B+ BOTH) 
6 V 
ees 
3 \ 


and, 
Pcsa . KIN Se 2B—3k 
Owe ON H 
Substituting these values and reducing; 
2B—3k 
1 — mr){ tan 6 + 2B— 52) . 
5B _ tané ( ( H 2B Bhigi ee . (15) 
H 2 o sin a + a 3 
in which, o is the value of o for the equivalent filling; that is, 


PL (1 + tan 6 tan a)2 The terms in this expression are readily found from 


Pm 
the designed profile, ” J A M (Fig. 8), and the increase in base width thus 


determined. 
U oF | 
LIBRARY 
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_ (that is, 6 = 7°.1); weight of masonry, pm, = 140 lb per cu ft; weight of earth 


fill, pe, = 100 lb per cu ft; angle of repose, 6 = 45°; and, angle of surcharge, 


a = 45 degrees. , 


The necessary width of base, B, is to be determined. The equivalent unit ; 
weight of earth is pe’ = 100 (1 + 4)* = 126.5 lb per cu ft. In the first place, 
the curves are used as in the example of Section (9) to find the necessary — 
width of a wall with a vertical back and a top width of (2 + H tan 6) | 


= 4.5 ft. From Fig. 3, p, = 126.5 cos 9 = 89.5 lb per cu ft, and o’ = =a ; 
f 
= 0.64. From Fig. 5, = for a triangular wall = 0.36, or B = 7.2 ft. 


ue 

The correction to be applied for the width is, from Equation (14): _ 

: 

iM 2 0.36 — 0.281 = 0.22 ft. The base width of the vertical back 
2 0.36 + 0.452 


7 
- 


wall is thus: 7.2 — 0.22 = 7.0 ft, say. The pressure of earth acting at 45° on — 


’ 772 
the vertical back is, P = % Ht 


cos a = 17 900 lb per ft of wall. The vertical ; 


2 


component of this is, 17900 x 0.707 = 12 650 lb per ft. The weight of the © 


wall is 140 x 11.5 X 10 = 16100 Ib per ft. Therefore, V = 28750 Ib and, | 
2 2 7, . 3 

i — Pm (B TR Dick obi) 140} 120" 100.75 Ey pie i 

6V 6 X 28750 | 
which, if desired, could have been. found graphically. i 
Let tan 6 == (l—mr)= 1 a (1 + tanatan 9) =1 8 aan} | 

é | 

= 0.196; = = ).35;° - = 0.225; and k = 1.64, Substituting these values in _ 


Equation (15) °F 0.034; or, 8 B = 0.68 ft. The necessary base width is, 


thus, 7.0 + 0.68 = 7.68 ft. 

As a check, this profile (shown in Fig. 9) will be examined graphically. | \ 
The weight of the wall per foot of run is (2 + 7.65) 10 x. 140 Ib = 13500 
Ib. The weight of the. wedge of earth resting on the battered back is 
(2.5 x 22.50) 50 = 2810 lb. The line of action of the resultant of these two — 
vertical forces is found graphically. The force acting on the ‘vertical earth 


back is, P = a 


cos a = 50 X 22.57 x 0.707 = 17900 Ib, and is inclined 


at 45° to the vertical. Combining these forces the resultant is found to cut 


the base closely to = from the toe of the wall as required. 


a0 U sit: 
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EARTHS AND FOUNDATIONS 
PROGRESS REPORT OF SPECIAL COMMITTEE 


Discussion 


By CLEMENT C. WILLIAMS, M. AM. SOC -E) Be 


Ouement O. WituraMs,” M. Am. Soc. C. E. (by letter)”’.—The Committee 
has submitted much theoretical and experimental information relative to soil 
mechanics that will aid the judgment concerning foundation problems, and it 
is generally recognized that no formulation of theory can be substituted 
entirely for educated human judgment in situations as indefinite as those 


é pertaining to foundations. However, a formulation of theory and observations 
- gometimes offers a frame on which to hang practical experience. For example, 
~ modern hydraulics, a very respectable science, has been developed largely from 


- semi-rational semi-empirical formulas in which experimental coefficients and 
factors were used to allow for variable conditions, refinements being intro- 


duced from time to time through the years. 


Perhaps if soil and foundation problems should be approached in a similar 

- manner, the accumulated knowledge of soil physics, to which the Committee 
has contributed so significantly, might be precipitated in forms that would be 
more readily usable in engineering offices without incurring the danger of a 
“ease-hardening” that would stifle further growth in the science. In order to 
do this, the theory and observed data should be resolved into forms dependent 


’ upon soil characteristics which are either known or can be determined readily 


with simple apparatus. 
Two principal questions arise in foundation design as affected by the soil: 
(1) What unit load may be placed on a given soil without serious settlement ? 
and (2) what will be the settlement of a soil under a prescribed loading? 


Norn.—The Progress Report of the Special Committee on Farths and Foundations 
was presented at the Annual Meeting, New York, N. Y., January 18, 1933. and published 
in May, 193838, Proceedings. Discussion on this report has appeared in Proceedings, as 


- follows: August, 1933, by Messrs. L. C. Wilcoxen, H. de B. Parsons, William P. Kimball, 


and. T. A. Middlebrooks; September, 1933, by Messrs. Daniel ©. Moran, and A. BE. 
Cummings; October, 1933, by Messrs. Edwin J. Beuvgler, Jacob Feld, George D. Camp, 
and Charles Terzaghi; November, 19338, by Messrs. John H. Griffith, Harry B. Sawtell, 
and ©. K. Froehlich ; December, 1938, by N. J. Durant, Assoc. M. Am. Soe. C. E.; and 
January, 1934, by Frederic R. Harris, M. Am. Soe. C. E. 

7 Dean, Coll. of Eng., Univ. of Iowa, Iowa City, Towa. 


wa Received by the Secretary April 12, 1934. 
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With regard to the first question, several factors affect the result, involv- 
ing both the footing surface and the soil characteristics. The writer has 
pointed out” that the area and shape of the footing constitute one of these 
factors, the relation being that'the supportable load, W, varies as: 


W: =A pi gale smpatics lore tame eee (74). 


in which, A is the area of the footing, in square feet; p, the elementary com- 
pressive resistance; L, the perimeter, in feet; and s, the shear resistance per 
linear foot around the perimeter. This expression may be changed to the 
form: : 


WA pt ek os (75) 
R 


in which, R is the semi-mean radius, =; andh’ = 2, Following the discus- 


8 
sion previously cited, /’ may be taken as ¢ f, im which, { is the ratio of moduli 


of rigidity of the soil in shear and compression, (2) , and f is the coeffi- 


c 


cient of internal friction. The expression then becomes Ap (: + sf) , Or, 


the average unit load, =, varies as p (: + if), John H. Griffith, M. Am. 


Soc. C. E., has given some observed values of these properties." Average 
values may be taken at { = 3 for sand, } for clay, and 4 for loam. Values of — 
f are available in engineering handbooks. 
An analysis of a considerable number of soil loading tests indicates, that 
the supporting capacity of any soil varies between the lower and upper limits — 
for that soil type in proportion to the density or weight. All minerals of soils — 
have essentially the same specific gravity; hence, the unit weight of the undis-_ 
turbed soil measures the density with sufficient accuracy. Spreading this . 


wae 


range over an average variation, the relation may be stated age varies as 


w-— 90 


, in which, w is the weight per cubie foot of a sample of the undis- 


turbed soil, and 90 is taken as the least unit weight of soil that can practically 
be used to support a load. 


- il i . 
The relation, oat , as the governing theoretical factor in the passive 
; — sin 4 
resistance of soils is attributable to Rankine, 
friction, although he adapted it from preceding 


cal procedure would be to set up a formula j 


7 
¢ being the angle of internal — 
theory. A normal mathemati- 
nvolving the product of these _ 
“ Transactions, Am. Soc. C. E., Vol. 93 (1929), p. 306. 


“Physical Properties of ils,” 
eek Sa Fa D of Soils,” by John H. Griffith, Bulletin 101, Iowa Eng. Ex- 
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e9) 
Or 
Or 


factors, since the supporting capacity varies with each, and to introduce an 
observed coefficient in order to relate the result to actual conditions. 
The formula for the allowable average unit soil load, therefore, would be: 


seat «oe if) (eM) (7s) 
Oe Parma, btn e he Pf er ay Lp eit 
A ( R 30 es ey ae 9) 


in which, P; is a coefficient involving p and, perhaps, certain other elements. 
A comparative study of a number of soil tests as related to successful 
loadings indicates that P, may be taken as 3.0 for practically zero settlement, 
when P is in kips per square foot. The value of Pymay be visualized as the 
unit supporting capacity of a standard soil load under certain standard .con- 
ditions of loading. Saf a) ‘in 
Equation (76) gives a loading range for gravel under. a footing 4 ft square, 
from about 1.2.tons per sq {t—for a porous material weighing 100 lb. per cu £t, 
and containing sufficient clay to reduce the value, of f to 0.4-—to 6:5. tons 
per sq ft for a compact well-graded gravel weighing 120 lb per cu ft and hay- 
ing a coefficient of friction of 3. It gives a range for clay from 0.5 ton per 
sq ft for a soil weighing 100 lb per cu ft, with a friction coefficient of 0.A, to 
6 tons per sq ft for a dense hard clay weighing 130 Ib per cu ft, and haying:a 
friction coefficient of 0.5. erattarroagl 
The second query may be resolved in a similar manner. The modulus of 
compressive rigidity is found to vary roughly with the inverse of the fourth 
root of the intensity of the pressure, as may be inferred from test. data: by 
Professor Griffith cited previously.” Owing to the spread of the load through 


the soil, the intensity of compression varies roughly ith ees , y being, the 
; 

depth. From these facts, the total settlement may be assumed to vary ap: 

proximately as T®, in which, T is the thickness of the compressible soil stratum 

within the range of the depth affected. The depth affected ina uniform soil” 


i 4 “s : j 
will be about = ( NS — i) , in which, p is the intensity of pressure that 


the soil will sustain within its elastic resistance; P, the actual intensity 
of the soil load under the footing; b, the least width of the footing; and f, the 
coefficient of internal friction. An observation that tends to substantiate this - 
relationship is the case of a symmetrical library building resting on a com- 
pressible layer of yellow clay varying in thickness from 4 ft at one end of the 
pbuilding to 14 ft at the other. The observed settlement was + in. at one end 
and about % in. at the other. . 
From the foregoing discussion, the settlement would appear to vary rie 


versely with (: + sf) , inversely with = and directly with Te It 


also varies directly with P*, in which, x is an exponent that depends on the 
degree of saturation of the soil. In general, x i8 the exponent shown by 
the settlement curve of a test loading. Data at hand are not sufficient to de- 


: 


856 WILLIAMS ON EARTHS AND FOUNDATIONS Discussions — 


2 WwW, . . 
termine 2 statistically. However, if x is taken as 1 + oe for clay soils, in 
D 


which, wa is the actual percentage of water present (in terms of the dry 


" weight), and wp is the percentage at the plastic limit, the results agree rea- 


sonably with, the test curves, in which the percentages of water are estimated 
from general descriptions. mre 
The formula for settlement of a foundation, in inches, then becomes, 


Sa ox HP 1 y LR yp pie ls (77) 
w—99 R+¢ef 

in which, ( may be taken as a coefficient of compressibility, or the inches of 
settlement per kip of load, of a standard soil 1 ft thick under a standard load 
test with no moisture present. The plastic limit is the percentage of water 
present, in terms of the dry weight, when the soil can be rolled in cylinders 
4 in. in diameter. Inasmuch as the term has no significance for sand, wp 
may be replaced for sand in the formula by ws, the percentage present at 
saturation. 

Again, comparing with tests and observed field data, in which percentages 
of water and weights of material are estimated in most cases from the general 
descriptions. of conditions, the value of C is found to be 0.02 for clay soils, 
and 0.01 for sand and for hardpan. 

For example, according to Equation (77), the settlement under a footing 
4 ft square, carrying 3 kips per sq ft on a clay soil weighing 110 lb per cu ft, 
having a coefficient of internal friction of 0.2, a plastie limit of 12%, with — 
8% of water actually present, would be 0.4 in. If the moisture should be 
increased to 24% (near saturation) and all other factors kept constant, the 
settlement would increase to about 1.4 in.; or, if the load should be doubled, 
with other conditions constant, the settlement would be about 1.5 in. 

If the soft clay under the tank of “Case B,” in the Committee’s report, —~ 
is assumed to be supersaturated with 30% of moisture present (having a plac- 
tic limit of 12%, and weighing about 98 Ib per cu ft, and having a coefficient 
of friction of 0.1), Equation (77) would predict about 15 in. of settlement. 

If the soil within the range of pressure influence consists of two or more 
different strata, the pressure on each successive stratum can be estimated by 
assuming a spread governed by the angle of internal friction, the settlement 
for each layer similarly calculated, and the summation taken as the total 


. ok ee eal 
suds, deat miame denis = 


In addition to the aforementioned considerations, attention should be 
called to the fact that the settlement on clay soils varies about as the square 
root of the time, continuing frequently for some years, as, for example, in the 
cases cited by the Committee and by Lazarus White,” M. Am. Soc. C. E. 
The settlement of footings on sand and gravel, in which the air and water 
present are displaced readily, occurs essentially while the load is being applied, 
Soils that are predominantly clay behave as clay even though considerable 
quantities of sand and gravel may be present, 


™ J'ransactions; Am. Soc. C. E., Vol, 93 (1929), p. 341, : 
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Unfortunately, the test data and field observations at hand are not suffi- 
ciently detailed to afford a basis for determining the empirical factors in 
Equations (76) and (77) with finality. However, the values assigned give 


_ results consonant with scattered observations and Equation (77) should indi- 


cate roughly the settlement that may be expected, comparable in accuracy, 
perhaps, with retaining-wall theory. Both formulas are proposed primarily 
with a view to crystallizing, if possible, the voluminous, but rather dispersed, 
soil observations with which the profession has been favored in recent years. 
They are predicated on the assumption that adequate tests and explorations 
will be made at the site to determine the characteristics of the soil and the 
strata involved. 
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MODIFYING THE PHYSIOGRAPHICAL BALANCE 
BY CONSERVATION MEASURES 


Discussion 


By GERARD H. MATTHES, M. Am. Soc. C. E. 


Gerarp H. Marruss,” M. Am. Soc. QC. E. (by letter)“*—The author has 


focused attention on a much neglected phase of water conservation in the — 


United States. In Europe, the evils resulting from disturbing the physio- 
graphic balance which exists in any water-shed between erosion, run-off, and 
the débris-carrying capacity of streams, have attracted considerable attention. 
The situation on the Rio Grande, described by the author, shows clearly 


that the time has come for American engineers to look ahead and profit from — 


European experience. This is the more important in view of the large num- 
ber of flood-control and water conservation projects now under consideration. 
As far as the writer is informed, little thought appears to have been given, 
in any of these projects, regarding the ultimate effect of their operation on 
the stream channels below them. 

Channel deterioration is of two distinct kinds: 


(a) Excessive bed scour in the reach immediately below a reservoir, caused 
by lack of sufficient débris load to absorb the energy of the released water 
normally available for débris transportation; this assumes all the bed load and, 
at least, part of the suspended load to lodge in the reservoir, 

(b) Loss of cross-sectional area in the lower reaches due to the inability 
of the reduced stream flow to remove débris accumulations contributed by un- 
controlled tributaries emptying below the reservoir. Ag illustrated by the 
- Rio Grande case, both forms of deterioration, although of opposite types, may 
occur in the same stream. In fact, the conditions cited under Class (a) 
operate to aggravate those under Class (b). In either case, the hydraulic 
gradient eventually becomes affected, after which restoration to normal carry- 
ing capacities for both water and débris cannot be accomplished except at 


NOTE.—The paper by A. L. Sonderegger, M. Am. Soc. C. E., was publi - 
ber, 1933, Proceedings. Discussion on this paper has appeared in Proceedings asta 
March, 1934, by Messrs. H. H. Chapman, and H. B. Debler: April, 1934’ y Messrs. 
Frank HE. Bonner, and C. 9. Jarvis; and May, 1934, by Messrs. 'W. Pp Rowe, and 
J. C, Stevens. - : : 

* Prin. Engr., Office of Pres., Mississippi River Comm., Vicksburg, Miss. 

“a Received by the Secretary April 19, 1934 
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considerable cost. It is to be noted that the conditions under Class (a) are 

readily checked by providing suitable sill dams, whereas conditions under 

Glass (b) are not easily rectified; and if they are not checked at the start they 
lead to serious losses of channel capacity. 


In most projects interference with the physiographic balance, as described, 
can be minimized if not completely eliminated by careful a priori evaluation 
of soil erosion and run-off conditions on the one hand, and by the débris- 
carrying capacities of streams on the other hand. The principle involved is 
that any stream, viewed as a débris carrier, requires for its channel mainte- 
nance the flushing action of bank-full, or nearly bank-full, discharges at 
appropriate times. Furthermore, intelligent operation of reservoirs can pro- 
vide such discharge if included as an essential feature in project design and 
operation. The reason why comparatively little channel deterioration has 
resulted in the Eastern United States from failure to observe these require- 
ments, is that water utilization there is still in its infancy. Most reservoirs 
are not large enough to prevent major floods from spilling large volumes into 
the river below, and, therefore, do not materially curtail the flushing action of 
flood flows. In the arid Western States where for economic reasons water 
conservation has been extended farther, reservoirs large enough to absorb 
most of the flood flow are found on many streams. It is in such cases that 
the effects of channel deterioration are most noticeable. The author has 
given a clear portrayal of the problem as it affects these Western conditions. 

One factor enters into the problem, which heretofore has received little 
attention. This is the resistance to scour and transportation by water on the 
part of débris accumulations which have aged and become compacted. Com- 
paction of this kind is much more pronounced in Eastern than in Western 
streams, a circumstance which tends to mitigate channel deterioration in the 
latter. While bank-full flow is practically a necessity for removing débris 
accumulations in Eastern streams, it is probable that much Jess than bank-full 
discharge does effect such removal from streams in the arid West. Accurate 
data on this latter aspect are greatly needed. Certain it is, that the physio- 
graphic balance in Eastern streams is dependent on more frequent high rates 
of discharge than in the arid West, and that the streams of the latter during 
high stages carry a vastly greater débris load than Eastern rivers in flood. 

An important difference appears to lie in the relative degrees of compaction 
of the débris. In the East, stream flow is perennial, and any materials left to 
lie undisturbed under water compact at a rapid rate, especially during the 
summer and fall when organic matter of all kinds is very active, and bed-load 
movement practically ceases. Agglutination of the sediment particles results, 
and this, added to the mechanical bond brought about by the puddling action 
of water which tends to fill the voids between large particles with smaller 
ones, enhances cohesion to a marked degree. The finer silts and clays com- 
pact more firmly than the coarser sands and gravels. In the arid regions, 
stream beds are dry or partly dry for many months each year. Oxidation of 
organic matter, sunlight, and wind then operate to reduce compaction. As 
flood flow in such streams usually subsides rapidly, débris deposits do not lie 
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submerged long enough for compaction to reach a high stage of dav etotittant q 
Be and this will account for the notoriously mobile character of the materials _ 
Bs _ composing the dry beds of Western arroyos and rivers. This mobility facili- 
tates their transportation when flow resumes. ves 
Deforestation, overgrazing, and soil erosion have received increasing atten 
tion of late years, but. the necessity of maintaining unimpaired débris-carry- 
ing capacity in streams has not come in for the attention that is due it. 
Evidently, it has not forced itself sufficiently on the attention of those who 
pa have the power to correct it. Impairment of natural channels in its incipient 
stages, is not easily recognized and, like an insidious disease, its symptoms are _ 
not manifest until an advanced stage is reached. This makes it all the more 
important for the Engineering Profession to be alert in this matter. 
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INVESTIGATION OF WEB BUCKLING IN 
STEEL BEAMS 


Discussion 


By R. L. Moorg, Esq., AND E. C. HARTMANN, JUN. AM. SOC. CrEs 


’ R. L. Moors,’ Esq, and E. C. Hartmann,’ Jun. Am. Soc. CE. (by let- 
ter)*.—Web failures in beams may occur in any one of the following ways: 
(1) Yielding of the web material; (2) shear or diagonal compression buck- 
ling; and (3) buckling at points of load concentrations. The tests reported 
by Messrs. Lyse and Godfrey, on steel beams with depth-thickness ratios of 
70 or less, involved principally the first type of failure. While their observa- 
tions are a valuable contribution to present knowledge of web behavior, the 
investigation can scarcely be considered as one dealing with the interesting 
phenomena of web buckling and its related problems. 4 

This discussion contains a brief description of a series of tests on 
aluminum alloy I-beams and girders involving web failures of each of the 
aforementioned types conducted at the laboratories where the writers are 
employed. ‘Table 2 is a summary of the results obtained on several different 
| sizes of rolled and extruded I-beams of the duralumin type of alloy known as 
-17S-T. The following are the nominal mechanical properties of this material : 
Tensile strength, 58000 lb per sq in.; yield strength, 35000 lb per sq in.; 
elongation in 2 in., 20%; modulus of elasticity, 10 000 000 lb per sq in.; shear 
strength, 35000 Ib per sq in.; and shear yield strength, 20 000 lb per sq in. 
All the beams in Table 2 failed in the web. In Tests Nos. 1, 2, 7,8, and 9, 
the web failed by buckling as a column over the reaction. In Test No. 10, 

failure occurred by buckling as a column under the load point. In Tests Nos. 

3, 4, 5, and 6, failure occurred by yielding of the material, complicated in the 

eases of Tests Nos. 3 and 4 by some column buckling of the web. None of 

the foregoing failures resulted from elastic instability in the web, permanent 
get being encountered in every case. This is not surprising, however, since 
the depth-thickness ratios ranged from about 20 for the 5-in. I-beams to about 
25 for the 12-in. Lbeams. According to the theory of buckling of flat plates 


Norr.—The paper by Inge Lyse, M. Am. Soc. C. E., and H. J. Godfrey, Esq., was 


published in February. 1984, Proceedings. This discusssion is printed in Proceedings in 
order that the views expressed may be prought before all members for further discussion. 


5 Research Engr., Aluminum Research Laboratories, Aluminum Co. of America, New 


Kensington, Pa. 
6 Research Engr., Aluminum Co. of America, New Kensington, Pa. 


sa Received by the Secretary May 11, 1934 
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in shear, elastic buckling in Alloy 17S-T becomes critical for depth-thickness 
ratios of 52, or more.’ : 


TABLE 2.—Resutts or Tests oN Rouiep AND Extrupep ALUMINUM ALLOY? 


|-Beams. 
. Average 
Distance 
Nominal | Depth ‘Web Span, | from load | Load at computed / 
Test | moment jof beam,| thickness, on to nearest | failure, | Shear stress Stiffeners 
No. | of inertia, E we 3 ok inches | reaction, | in pounds ee 
. shed 
in inches inches inche! in inches Pheer os 
1 12.3 5 0.210 12 6 55 000 26 200 None 
2 12.3 5 0.210 24 12 43 400 20 600 None 
3 12.3 5 0.220 48 4 43 000 35 700 None 
4 12.3 5 0.220 48 8 38 500 29 100 None 
5 12.3 5 0.220 48 4 77 000 64 200 Load and reaction 1 
6 12.3 5 0.220 48 8 47 900 36 200 Load and reaction | 
ih 36.1 7 0.260 48 7 53 800 25 300 None 
8 50.0 8 0.275 48 8 59 400 22 500 None 
9 229.4 12 0.435 72 12 124 000 19 800 None. 
10 229.4 12 0.430 72 12 138 200 22 400 Reaction 


It is interesting to note that most of the failures occurred by column buck- 
ling at points of load concentrations. Failures of this type seems to occur | 
when the average compressive stress exceeds the column strength of the web. 
In computing this stress it has been found that the load or reaction may be 
considered uniformly distributed over an area equal to: , 


Coast Di RD Sai hea nents alee 


in which, in addition to the notation of the paper, b = effective length of 
bearing-block, in inches. This area should be considered as symmetrically 
placed with respect to the load or reaction and should be altered in the case 
of the latter if the overhang of the beam is shorter than 4 (b+ h). In 
beams of normal proportions, without stiffeners, column buckling of the web 
at points of concentration is more likely to occur than any other type of 
web failure. Messrs. Lyse and Godfrey prevented this behavior, except in the 
preliminary tests, by means of web stiffeners, end plates, and suitable bearing- 
blocks at points of concentrated load and reaction. a | 
Test No. 5 (Table 2) is an interesting example of what may be accom- 
plished by the use of stiffeners in increasing the web strength of beams. A. 
load corresponding to an average computed web shear of 64 200 lb per sq in.) 
almost double the nominal shearing ultimate stress, was carried without pro- 
ducing complete failure in the beam. In Test No. 3, without stiffeners, the 
average stress at failure was only 35 700 lb per sq in. A similar comparison | 
is found in Test No. 4 and Test No. 6, although the strengthening effect of 
the stiffeners was not nearly so pronounced. Fig. 22 is a view of Specimens 
Nos. 5 and 6 showing the shearing distortion possible without actual rupture — 
of the metal. 1 
Values of ultimate strength and corresponding average shearing stresses in > | 
the web have been given in Table 9. No values have been given for the 
yield points of the beams because the load deflection curves break over too _ 
gradually to permit the selection of values which are consistently satisfactory. 
*“Strength of Materials,” by S. Timoshenko, 
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Theoretically, beams will begin to yield when either the web or flange stresses 
first exceed the elastic range of the material, and since the ordinary formulas 
of mechanics are quite accurate within the elastic range, the load correspond- 
ing~to the first yielding of a beam can be calculated quite definitely if the 


Fic. 22—-Wep FaiLurps 1Nn 5-INCH L-Buams (TESTS NOS. 5 AND 6, TABLE 2y 


stress-strain relations of the material are known in tension, compression, and 
shear. It should be pointed out in this connection that aluminum alloys have 
no pronounced yield point such as mild steel and, for this reason, the yielding 
occurs very gradually and the point of first yield does not represent a distinct 
change of behavior of a beam under load. The ultimate load-carrying 
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Fic. 23.—MBEASURED PRINCIPAL STRESSES IN Wes wiTH CONTOURS OF EQuaL Com- . 
PRESSIVE STRESS. 
capacity of a beam, as determined experimentally, is generally a much more 
definite value to use in comparison of beams which do not fail by elastic 
buckling and one which, in the opinion of the writers, is of considerable im- 

portance to the designer. 
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Figs. 23 and 24 show the distribution of stress in the 12-in. I-beam used in 


Test No. 10. The stress determinations were made by a 2-in. Berry strain- 


gauge, all measurements on the web being taken on rosettes (four gauge lines 


J intersecting at a point) spaced on 24-in. centers over the area adjacent to the 
load and reaction point: All readings were taken on both sides of the web and 


averaged. In view of the recommendation of Messrs. Lyse and Godfrey that 
the average web shear be computed on the basis of the net area of the web 
(h t), attention is’ called to Fig. 94(b). The agreement there between the 
measured stresses and the average shear on the gross area (D t) is very 
satisfactory. The use of net area seems even less justifiable when, as shown 
for the welded beams of the steel series, it gives average values greater than 
the maximum as computed by the rational formula. 

Fig. 25 shows an aluminum alloy plate girder, 30 in. deep (24 in. clear 
depth) with a 4-in. web, on which numerous tests have been made in connec- 
tion with a study of elastic buckling phenomena. Strains and lateral deflec- 
tions in the web were determined for different positions of load, sizes of bear- 
ing-block, and arrangements of vertical and horizontal stiffeners. While the 
results obtained are too comprehensive to be presented here in detail, it is 
believed a few observations will be of interest. , 


Vic. 25.—Tmst or ALUMINUM ALLOY PLATE GIRDER. 


“When no web stiffeners were used, failures of the web occurred by, elastic 
buckling as a column directly under the load. Tt was found that the loading 
required to produce this type of failure could be predicted reasonably well by 
the same method outlined previously in connection with the discussion of 
Table 2. This same type of failure also occurred when stiffeners were used 
and the load was applied between the stiffeners. In such cases it was found, 
however, that in computing the average compressive stresses the load should 
be considered uniformly distributed over an area equal to: 


cor mlfr+2(2) | Garou} eke vara 
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in which, s = the clear distance between stiffeners, and the other terms are 
as previously defined. 

When the web was properly stiffened at points of concentrated load, shear 
or diagonal compression buckling was obtained. Since the lateral deflections 
occurred gradually, however, almost from the first application of the load, it 
was difficult to select a point at which the buckling of the web might be said 
to be critical. In some instances, deflections of as much as } in. were ob- 
served without permanent set. While this behavior made it impossible to 
obtain a precise experimental check on the theory of elastic buckling,’ the 
writers believe the theory to be satisfactory for predicting loads at which 
the lateral deflections may become appreciable. It was quite evident, however, 
that the computed buckling strength of the web was not necessarily a criterion 
of its ultimate load-carrying capacity. 

A double-web box girder of Alloy 17S-T was investigated for web buckling 
in much the same manner as previously described. The webs in this girder 
were 15 in. deep by zg in. thick, having a ratio of unsupported depth to thick- 
ness of 172. The results of the tests on this specimen tended to confirm those 
obtained on the plate girder. It was particularly noticeable in this case that 
the elastic buckling of the web was not a definite indication of the ultimate 


load-carrying capacity of the specimen. Even after relatively large lateral 


deflections were observed, the girder continued to carry higher loads with no | 


evidence of permanent set or other distress. This is a point of considerable 
interest to designers because there is sometimes a tendency to over-emphasize 


the importance of elastic buckling. In structures in which the load-carrying - 
capacity considerably exceeds the point of elastie buckling, the writers can 


see no reason why both factors should not be considered in design. 
In concluding this discussion, the following points may be summarized: 


1.—In normally proportioned beams, without stiffeners, column buckling of © 


the web at points of load concentrations is more likely to occur than any other 
type of web failure. : 


2.—When stiffeners are used at points of concentrated load and reaction, 


extent the point at which yielding of the web material begins. 

3.—Since there is no marked yield point in aluminum alloy beams the 
ultimate load-carrying capacity seems to be the most essential information to 
be obtained from beam tests in which no elastic buckling occurs. 

4.—The measured distribution of stress in the web of a 12-in. I-beam indi- 
cates that the average shearing stress should be computed on the basis of gross 
area of the web rather than on net area, as recommended by Messrs. Lyse and 
Godfrey. pe 

5.—The buckling of thin webs is a gradual rather than a sudden phenome- 
non so that it is difficult to obtain a precise experimental check on the theory 
of elastic buckling. However, the theory apparently provides a satisfactory 


means of determining the loads at which the lateral deflections may become 
appreciable. ; 


vn 


the ultimate load-carrying capacity of a beam may exceed to a considerable — 
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ANALYSIS OF SHEET-PILE BULKHEADS 


Discussion 


By Mgssrs. R..L. VAUGHN, M. A. DRUCKER, 
AND RAYMOND P. PENNOYER 


R. L. Vaucun,* M. Am. Soc. C. E. (by letter)**.—The treatment given in 
Fig. 7 represents an advanced method of analyzing a bulkhead, which takes into 
account the restraining action of the ground and the relieving action of the 
piles back of the bulkhead. It recognizes, as well, the fact that the passive 
resistance of the soil will be some value greater than that. given by the un- 
modified Coulomb formula. The author himself states that the theory upon 
which this investigation is based is defective, and devotes much of the re- 

_mainder of the paper to a demonstration of how hopelessly involved the dis- 
cussion becomes when an effort is made to develop a better theory. 

This is an excellent paper, giving the results of painstaking research and 
investigation; it presents much information not heretofore generally available 
in the English language. The writer has found some parts of the mathemati- 
cal treatment confusing and difficult to follow, and ventures to suggest that 
the addition of a table of notation would be an improvement. 

Perhaps a discussion of a theory of design should not be extended to include 
a serutiny of the assumptions as to facts, but most engineers will agree that 
in any design such assumptions should conform to reasonable expectations. 
The author presents Fig. 7 as an analysis of the bulkhead at Long Beach, 
Calif. It becomes in order, therefore, to comment on the asserted physical 
conditions there shown, as well as to review the admitted defects in theory. 
While it is generally referred to as the Coulomb formula, it is understood 
that the expression, p = w tan” (45° — 3 ¢), is not the exact form originally 
developed by Coulomb. For many years, however, this formula has been the 
basis for most discussions concerning earth pressures. The symbol, ¢, was 
originally used to designate the angle of repose of a cohesionless granular 


Nore.—The paper by Paul Baumann, M. Am. Soc. C. E., was published in March, 
1934, Proceedings. Discussion on this paper has ‘appeared in Proceedings, as follows : 
In May, 1934, by Jacob Feld, Assoc. M. Am. Soc. C. E. 

16 Cons, Engr., San Francisco, Calif. 

16a Received by the Secretary April 16, 1934. 
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material, and it has been so utilized in many standard texts. ‘Numerous 
tables of angles of repose of various materials have been published. However, 
when materials are not cohesionless the term, “angle of repose,” becomes mean- 
ingless, since the surfaces they will assume, will not be planes and will vary 
with the height of bank being observed. It has long been: recognized. that ¢ 
should be regardéd ‘as the angle of internal resistance rather than as the 
angle of repose. When the internal unit resistance or shear was considered 
to be the sum of the true friction plus a constant due. to cohesion, it was 
possible to form a conception of ¢ by considering that it was that angle the 
tangent of which was the shear divided by the normal pressure. At present, 
it is recognized: (1) That the friction in a given material may not be con- 
stant for different depths; (2) that the cohesion varies with the moisture 
content and probably with the pressure; (3) that the surface of rupture is not a 
plane, but is dependent on the values of cohesion and friction; and (4) that, 
in addition to being dependent upon other things, the horizontal pressure 
against a wall is also some function of the motion of the wall. Recent mathe- 
matical discussions have attempted to take all these factors into account and 
still retain ¢. Under these circumstances it is difficult to form any conception 
of ¢, and certainly it is far from being the angle of repose. The best defini- | 
tion for this angle at present would be that angle which, when used in the 
Coulomb formula, will give the correct answer. It is suggested that confusion 
would be avoided if ¢ was reserved for its original meaning and if some other 
symbol was used in modern formulas. : 
The method followed by the author to determine the value of # is open to 
two objections. It has never been proved that the surface angle of repose has : 
any direct relation to the internal pressure, and there is no reason to think © 
that surfaces of repose of samples 6 in. or 1 ft high will be the same as the - 
angle of repose for a bank 20 ft high. ‘ 
Permanent deformations exhibited by the piling from the test wall indi- : 


cate that there must have been a considerable degree of restraint at the : 


corners of the tank. This restraint could not be attributed to the copper ; 
seals, which appear to have sufficient flexibility, and must have been due to : 
an arching action against the unloaded ground each side of that against which — 
pressure was directly exerted. Any such restraint would cause the wall to 
appear stiffer than was actually the case and would result in a correspondingly 
high computed value of the interlock efficiency. This circumstance, together 
with the fact that the curve assumed by the piling below the surface of the _ 
ground must be estimated, would tend to cast some doubt on the experimental — 
determination of the interlock efficiency and also on that of the passive re- 
sistance. A further uncertainty is introduced through the arbitrary assump- 
tion of the relation between the passive resistance back of the wall and the 
same resistance in. front of the wall. 
After having derived a value for the passive resistance in the test case 


by a process involving assumptions as to the passive resistance back of the 
wall, assumptions as to the water 


and back of the wall, and a derived value of the stiffness of the sheet-piling, 


; 
g 
4 
pressure in the ground, both in front of | 


had: 
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the author then derives from the passive resistance thus obtained an “effective- 
ness factor” to be applied to the Coulomb formula. Aside from the question 
as to whether or not the passive resistance in the test case has been correctly 


_ determined, and aside from the question of using for ¢ values obtained from 


observations on the surfaces of small samples, the writer knows of no warrant 
that the same or any other effectiveness factor would be proper for the condi- 
tions shown in Fig. 7. If the observations have been made with any approach 
to accuracy, there must be something wrong about a theory that culminates in 
a formula the answer to which must be multiplied by a factor of 1.68 or by 2 
in order to get the correct result. 

Leading authorities now agree that one fault with the Coulomb formula 
lies in its neglect to include the effect of friction against the face of the 
bulkhead. This friction only becomes effective apparently when there is an 
appreciable movement of the wall outward. Equations (16) to (58), inclusive, 
are presented to show the effect of such friction and, in them, the rather new 


theory is introduced that ¢ is a function of the displacement of the wall. 


That the Coulomb formula, with the addition of an “effectiveness factor” 
may give questionable results, is evident from the author’s actual application 
of it in Fig. 7. From tests on an experimental box, as described in the paper, 
it was determined that the effectiveness factor should be 1.68 for this material 
when it had been deposited in a fill, and for the (assumedly) undisturbed 
material in the toe slopes it was estimated that a factor of 2 would be suitable. 
Using that factor, a passive resistance of 20400 Ib per lin ft of wall is 
obtained for the toe slope at Berth 3. Where the “net passive resistance” of 


13400 Ib (referred to in the summary of findings preceding Equation (2)) 


came from, is not clear, but the former value is the one given in Fig. 7. A 
rough check on the credibility of this quantity may be obtained by considering 
resistance against sliding along a plane joining the bottom of the sheet-piles 
to the nearest point in the bottom of the channel. 

The elevation of the bottom of the channel is at — 36.0 (at least, it was 
agreed on this work to pay for excavation to that depth). The elevation of the 
bottom of the sheet-piles is at — 38.75; the difference in elevation between 
the two points is, therefore, 2.75 ft. The horizontal distance between points 
is 32.5 ft, and the slope is, therefore, 9.75 + 32.5 = 0.0847. Using the author’s 
value of 52 lb per cu ft for the weight of the material, submerged, a simple 
calculation shows that the submerged weight of 1 lin ft of the ideal toe slope 
at this point is 14600 |b. Since the prism must be shoved up an adverse 
grade, the actual weight should be multiplied by the factor, 1.0847, giving an 
effective weight against sliding of 15 835 lb. Now, if the author’s value for 
the passive resistance of this prism is correct, the coefficient of this material 
against sliding on itself must be 20400 + 15835 = 1.29. In the construction 
of hydraulic-fill dams a coefficient of 0.35 is considered safe, although observa- 
tions have shown that, at times, the coefficient may reach a value of as much: 
as 0.75.. Any conclusion to the effect that a fine sand saturated with water 
can oppose a resistance to sliding equal to one and one-quarter times its own 
weight seems neither conservative nor reliable. 
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The author states that American manufacturers advocate the use of 75% 
of the interlocked section modulus for steel sheet-piles. As far as the writer 
has been able to learn no such recommendation has been made by American 
manufacturers except with the qualification that, if such a modulus is to be 
used, some positive means to prevent slipping along the interlock must 
be adopted before any load is applied against the piling. 

To sum up the objections to the theory upon which the analysis given in 
Fig. 7 is based: It is assumed that ¢ is a constant and equal to the observed 
angle of a small sample, whereas there is reason to believe that neither assump- 
tion is true. It is assumed that the surface of rupture is a plane, whereas it is 
generally admitted that such will not be the case. The method takes no 
cognizance of the effects of friction on the piling. The manner in which the 
passive resistance is obtained gives a result which, for this class of material, 
is almost impossibly high. ‘The use of an interlocked section modulus is 
questionable in the absence of definite and positive means for preventing - 
slippage along the interlock. The author points out many of these objections — 
in his paper. 

Turning now to the assumptions of fact. These are two in number: (1) 
The assumption that the toe slopes would be undisturbed and ‘should retain 
their theoretical dimensions; and (2) the assumption that the elevation of the - 
water back of the wall would be + 3.5, which is practically mean sea level. 

The author states that the toe slopes had been undercut and that in view 
of the importance of the slopes this was a dangerous procedure. The dredging © 
was conducted in the only practicable manner by which the required channel 
could be excavated with a cutter type of pipe-line dredge. On the other hand, — 
the design was seriously defective in that the bulkhead had been placed 
within 32.5 ft of a channel 36.0 ft deep, and that the maximum penetration 
of the piling was only 2.75 ft below the contract depth in the channel. 
Especially in view of the unstable and easily erodible character of the material 
at Long Beach it is not too much to state that any method of excavation 
would have been dangerous under the circumstances. 


a 


gee: 


The manner in which an hydraulic dredge excavates is not widely known — 


outside of dredging circles and some description is necessary. The entire 
machine is rotated bodily about a fixed point at the stern, while on successive 
swings the cutter is lowered to suitable depths, thus removing the material in 
horizontal layers. There is no method of control by which the depth can be 
varied with any degree of accuracy as the dredger swings from side to side , 
that is, the cutter cannot be slid down. or up a slope. A floating machine, 


more than 200 ft long, weighing several thousand tons, controlled by wires, 
and often operating in rough water, cannot be manipulated with extreme _ 


precision; but it is unquestionable that, by a proper adjustment of the width 


of swing to the depth of cutter, the latter could be placed within a very few 


feet of the theoretical side-slope line on each swing. At first sight, it would 


be reasonable to believe that in this manner a practically perfect side slope 
could be excavated. 


« diner 
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However, while the dredge can be swung to any desired width sidewise, 
it cannot be moved ahead, and as the cutter is lowered on successive swings a 
nearly vertical bank, circular in plan, is left ahead of the machine. If the 
material would stand in such a vertical bank until the dredge could be 
advanced to a position for the next series of swings, there would be no dif- 
ficulty.. Almost invariably, however, the bank will cave down suddenly in a 
large mass when the cutter has reached some point near the bottom of the 
cut. Much of this material will fall into a position back of the path 
of the cutter and cannot be reached. Likewise, some of the material will fall 
on to the side slopes which have just been formed, will tear loose more or less 
of the material which has been left there and, with that addition, will also 
slide down into the cut and come to rest at some point where it cannot be 
reached. For this reason it is usually found that if an attempt is made to 
dig the side slopes exactly to line, the result will be a large and unexpected 
amount of apparent over-dredging there. If the width of swing is narrowed 
in an attempt to let the material take its own slope, temporarily the slopes 
will stand at an unnaturally steep angle, only to cave down later and shoal 
up the channel after the dredge has passed. 

- Qne method of overcoming the effect of caving would be to traverse the 
entire length of channel repeatedly, removing one layer of material at each 
trip. The ordinary pipe-line dredge is not adapted to such an operation and 

“if it were attempted the output would be greatly reduced and the cost of 
dredging would be correspondingly increased. No owner would be willing to 


meet the increased cost and no contractor who contemplated this procedure 


would ever get any work. 
On the other hand, if an attempt is made to finish the channel on the 


- first trip an excessive amount of. over-dredging on both sides and bottom is 


required, as, otherwise, shoaling will occur, which will necessitate a clean-up 
operation. Consequently, a compromise is reached. 

At least one clean-up trip cannot be avoided (except where the cuts are 
very light) and, therefore, it is just as well to leave enough material to be 
worth while on the second trip. On the first passage the dredge is swung out 


_ over the side slopes and most of the material above the slope line is removed. 


This operation is necessarily in a series of steps which will be partly above 
and partly below the slope line. An effort is made to proportion the steps so 
that the material which remains above the slope line, plus whatever is 
expected to cave from the bank ahead, will just about fill the holes below the 
slope line. No effort is made to bring the bottom down to grade; about 4 or 
5 ft of material is left for the clean-up. 

On the clean-up trip no further dredging is done on the side slopes except 
at the toe; in fact, the cutter is never raised more than a foot or two above 


the bottom at any time on this trip. Dredging along the edges of the channel 


will again disturb the material in the slopes and, at some delayed time, at 
least some additional material will slide down. If the clean-up is restricted 
to the specified channel any material that slides down will fall into it, shoal- 
ing it along the edges and making another clean-up necessary. It is, the 
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custom, therefore, to swing the cutter a short distance over the line in order 
to provide a space into which such additional materials may come to rest 
without encroaching into the required channel. The slopes, when of certain 
materials, may not reach a condition of final equilibrium for weeks or even 
months after the clean-up has been made. It is not possible, therefore, to 
determine with any degree of exactitude, by means of soundings, just how 
much extra width must be dug; it is necessary to guess at it. If the clean-up 
is carried too wide there will be much excess excavation for which no pay- 
ment is received. If the swings are kept too close to the line another clean-up 
will be necessary. At Long Beach the records showed that, following progress 
surveys, it was found necessary to return and clean up various portions of 
the edges of the channel as often as three or four times, in order to obtain the 
required depth along the lines. Such operations cannot be conducted without 
some additional disturbance of the material in the slopes. 

This stepping of the slopes and slight overcutting at the toe is the under- 
cutting process to which the author refers. There is nothing precise about it, 
but it is the best that can be done. During an experience extending over a 
period of twenty-one years the writer has never known a job where this 
process, or some variation of it, was not used. In that time, he has not seen’ 
even one job on which some surplus material had not been removed from the 
slopes. 

In view of the uncertain behavior of all earth, and in view of the un-— 
avoidable limitations of the hydraulic dredging process, it is the writer’s 
opinion that it would be most unwise for a designer to rely upon obtaining 
an undisturbed side slope of specified dimensions along any channel. | 

Where the purpose of a bulkhead is to retain the fill back of an apron 
wharf; the temptation is great to place the bulkhead close to the channel line, 
thereby reducing the width and cost of the wharf. Observation and experi- 
ence indicate that in most materials it is dangerous to depend upon the em- » 
bankment above the level of the bottom of the channel for much support — 
unless the horizontal distance between the bulkhead and the channel is at least 
one and one-half times the vertical distance from top of fill to bottom of — 
channel. Even with such proportions, the field engineer should be prepared | 
to reinforce the embankment with rock at the first sign of weakness. - 

The second assumption of fact has to do with the water pressure to which : 
the wall was subjected. The method used to determine the water level would 
have been satisfactory if this had been merely an investigation to determine | 
the stability of the bulkhead at the time the observations were taken, but such : 
was not the case. This analysis was undertaken to determine whether or not _ 
the’ original. design had been adequate. The actual water load which the | 
bulkhead would be unavoidably called upon to resist during the construction — 
period is far in excess of that corresponding to the assumed water level. 
This is the most serious error in the analysis. Even had all assumptions as _ 


to section modulus, active pressures, and passive resistances, been fully real- 


ized, the bulkhead would have failed if the fill had been placed by the 
hydraulic method, which is the one specified in the contract. Since, un- 
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doubtedly, unsuspected water pressures have been at the bottom of many bulk- 
head troubles, and since the pressures that may arise in an hydraulic fill have 
been but little discussed and are not widely understood, it follows that this 
topic is worthy of some consideration. 

During the progress of the trial to which the author refers an effort was 
made to justify the assumed water level on the grounds that a preliminary 
embankment should have been placed behind the bulkhead and that this, to- 
gether with the relieving platform, would have prevented any higher level 
against the wall. In fact, even if suitable material for the purpose had been 
available, the preliminary embankment would have been of only limited value 
in this case, while the relieving platform made things much worse instead of 
better. 

There is a tradition in the dredging business that the best thing to do 
with a weak bulkhead is to pump an embankment behind it before impounding 
any head of water. The writer has not encountered a completely satisfactory 
explanation of the manner in which this procedure relieves the pressure 
against the bulkhead; and it appears that it may not always do so. 

The usually accepted explanations are: (a) That the materials first de- 
posited have time to settle, consolidate, and develop cohesion; (b) that the 
presence of the embankment will prevent the crowding of any semi-liquid fill 
against the bulkhead; (c) that the natural grading process due to the action 
of the water leaves the Heaviest particles, presumably those with the greatest 
coefficient of internal resistance, against the bulkhead; and, finally, (d) that 
the embankment “keeps the water. away from the bulkhead.” Except for the 
last one these explanations appear rather reasonable. 

When discharging at Long Beach, the dredge was pumping at the rate of 
about 50 cu ft per sec, of which only about 7% was solid material; the re- 
mainder was water. When an embankment is pumped against a bulkhead, 
together with such a surplus of water, it is impossible to believe that the 
material is not completely saturated, which means, of course, that the water 
level in the soil will rise to the top of the bulkhead. It follows, therefore 
(according to the commonly accepted theory), that at the time the embank- 
ment is being placed against the structure the latter must be withstanding a 
full head of water. However, bulkheads have been used, successfully, which 
obviously could not withstand such a head of water, let alone an additional 
pressure due to earth. A question naturally arises as to how such a state 
of affairs could be possible. 

The answer to this seeming paradox lies partly in the character of the 
bulkheads which have been used and partly in a rather obscure phase of 
the behavior of ground-waters. Imagine, first, a high conical pile of earth rest- 
ing on a flat impervious surface. Suppose this earth to be saturated and to 
be kept saturated by a constant addition of water at the top of the cone. 
Aceording to the theory of water pressures in saturated earth, it might be 
supposed that the water pressure at the base, immediately under the apex, would 
be that due to a head of water equal to the height of the cone. Such 
would not be the case, however, because the water would be free to flow down-. 
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ward and outward through the earth. Any flow of water through the earth 
results in a relatively great loss of head. The true variation in pressure 
throughout the cone involves some complicated considerations, but it is obvious 
that flow would take place and, therefore, full static head would not exist. 

Suppose that the cone is divided vertically and that one-half of it is 
replaced by an impermeable bulkhead. From considerations of symmetry it 
is evident that the pressure against the bulkhead would be that which had 
existed along the same plane in the cone. This now represents the condition 
that exists when pumping is first started to place an embankment back of a 
wall. As the fill accumulates, the end of the pipe, the apex of the cone, is 
gradually shifted along the wall until finally a complete embankment has 
been placed. As the pipe end is shifted there follows beneath it a triangular 
area of water pressure, the intensity of which varies from a maximum verti- 
cally under the pipe to zero at the edge of the cone of saturation. It is evident 
that the total area of bulkhead subjected to water pressure at one time is 
limited, so that some support may be gained from adjoining parts of the wall. 
It is also evident that at no point is there a pressure due to the full height of — 
water above it. In the actual case, conditions are further complicated by the 
circumstance that the surface supporting the embankment is also permeable, 
thus permitting a direct downward flow and a further reduction in water. 
pressure. If the supporting ground happens to be saturated, the variation 
in pressure throughout this ground-water also becomes complicated. 

If the bulkhead, instead of being impermeable, has numerous leaks through 
it there will be an additional and very substantial reduction in pressure 
corresponding to the increased velocity in the water of saturation occasioned 
by the escape of water through the leaks. Until recently nearly all bulkheads 
encountered in the dredging business have been wooden ones which were any- 
thing but tight. It has been in connection with such leaky bulkheads. that — 
the embankment technique has been developed. This may be a most im- 
portant point. Some modern types of bulkhead should be nearly impermeable, © 
and it is likely that such structures will not experience the degree of relief 
from water pressure through the use of an embankment which past experience ; 
with leaky bulkheads would indicate. All designers of impermeable bulkheads 
for use in connection with hydraulic fills should give the subject of water 
pressure serious consideration. 

It is thus seen that, provided no water is impounded, it is possible to pump 
an embankment back of a wall and yet avoid a full hydrostatic head equal 
to the height of saturated earth. After the embankment is completed a dif- 
ferent set of conditions arise. In the great majority of cases it is necessary 
to impound water to the full height of the fill before the latter can be com- 
pleted. At this time, if the bulkhead is water-tight and the embankment 
placed behind it is permeable, the impounded water will find its own height 
against the bulkhead, and, as far as water pressure is concerned, the embank- — 
ment is of no benefit. If the reverse condition obtains, the water can run out 
through the bulkhead faster than it can flow through the embankment, and 
there may be little, if any, water pressure against the wall 
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The bulkhead at Long Beach belonged to the former class; as designed it 
should have been practically impermeable, while the sheet-piles had sufficient 
penetration to impede, greatly, any underflow. The only material available for 
an embankment was a sand that was relatively permeable. Under the most 


‘ideal performance the embankment would have been of limited benefit, 


and it would have been impossible to avoid the accumulation of substantial 
heads against some parts of the structure. Certainly, the water would have 
risen far above mean sea level, the elevation used by the author in his 
analysis. 

In the design, Berths 1, 2, 8, and 12 had been provided with a concrete 
relieving platform more than 50 ft wide, supported on a veritable forest of 
piles. The presence of this platform made it impossible to place an effective 
embankment against the bulkhead. Furthermore, the platform had numerous 
small openings in it, sufficient to have transmitted, freely, pressure from any 
ground-water that might have accumulated, above it; and it is inconceivable 


that a water-tight fill could have been deposited against the under side of the 


platform by any means whatever; there must have been numerous spaces at 
this point of a capacity sufficient to permit the unobstructed flow of water 
from points back of the platform to the face of the bulkhead and to have 
permitted the transmission of pressures through the water filling such 
spaces. 

Relieving platforms are supposed to do what their name implies, relieve 
pressure against the bulkhead. It seems proper to point out that under some 
circumstances they may defeat their own purpose. In the present instance, 
for illustration, suppose that, first, the space under the platform had been 
filled as well as possible by means of pumping or sluicing, and that then an 
impermeable fill had been deposited on top of the platform by any suitable 
means. This produces as good an embankment behind the bulkhead as could 
be obtained by any reasonable and practicable method. The final step would 
then be to fill the remainder ‘of the area by pumping. To do this it is neces- 
sary to raise the ground-water to the top of the fill. There would be nothing 
to prevent water finding its way along the under side of the platform to the 


- face of the bulkhead and transmitting full hydrostatic pressure to that point. 


In the imagined illustration, the platform would be cutting off the pressure 


due to a fill of about 12 ft, undoubtedly, but it would be letting in the pres- 


sure due to 12 ft of water which is much worse. It is suggested, therefore, that 
in the case of hydraulic fills, relieving platforms may have a most dubious 
value. 

At present, there is a prospect that some rather high débris dams may 
be built in California. If this should come to pass it is to be hoped that 
devices for measuring pressures (both of water and of materials) at various 
depths and at various time intervals will be incorporated in them. If the 


variety of débris impounded should cover a wide range in different places, 


ax + ead 


then after sufficient observations had been taken it might be possible to 
evolve an empirical method of determining earth and water pressures which 
would be, at the same time, reasonably simple and fairly reliable. 
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M. A. Drucker,” Ese. (by letter).“*—The experiment on full-sized steel 
sheet-piling, under field conditions approximating those to which actual struc- 
tures are subject, should prove of great value when designing this rather 
recent type of construction. It is of special importance at the present time, 
since the assumptions upon which designs are based, have recently undergone 
a radical change. At about the time when, as the author states, high bulk- 
head walls began to be constructed, the depths of sheeting embedment and the 
stresses in anchor and sheeting were determined by considering an active 
pressure greater than, and a passive resistance less than, the theoretical values 
obtained for them. Professor Wolmar Fellenius® recommended that the active 
pressures be taken as 25% greater, and the passive resistance as 25% less, than 
their theoretical values. This is quite different from the assumption that the 
actual passive resistance is twice the theoretical. q 

The author is quite right in pointing out that the present theory of bulk- 
head design is defective in that it does not take into consideration the com- 
pression of the soil due to the movement of the wall. By taking the effect of | 
this compression into account he obtains a passive resistance, as illustrated by 
Fig. 14, which is quite at variance with that obtained by following the Bren- 
nécke-Lohmeyer method, as illustrated by Fig. 5: Mr. Baumann’s method 
satisfies the main conditions necessary to be met when using the latter theory. 
These conditions are: (a) The moments about any point on the sheeting must 
balance, and their sum be zero about the bottom ; and (b) the sum of the loads F 
on one side of the sheeting must equal the sum of the loads on the other side. 
With these conditions as a basis, the design is then determined by means of a 
graphical method. : 

At first glance this method appears to be highly scientific. On analysis, 
however, it becomes apparent that, in effect, it is based primarily on an arbi- : 
trarily assumed point of zero moment below the ground surface which, in turn, . 
determines the passive resistance distribution for the entire depth of embed- 
ment. The fact that the moment diagram, based on this passive resistance _ 
distribution, shows that the moment is zero at about the same distance below _ 
the ground surface, as originally assumed, can be taken as a check on the arith-- : 
metical or graphical work, but not as a proof of the validity of the assumption. } 

In accordance with this method the depth of embedment, ¢, is obtained : 

} 
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from Equation (2), in which, a is the distance from the ground surface to an 


assumed point of zero moment, and to is equal to “| 6 Bo as will be 
2 Pp — Da 
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shown subsequently. The symbols under the radi 
the theoretical passive soil resistance; pq, 
ment below the ground surface; and Bo, 


cal denote the following: Pp is | 
the unit active pressure incre- | 
the reaction at the point of assumed 
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baat 12x VS AIA Spey Sele (68) 


Pp — Pa 
Pennoyer’s formula” for the necessary depth of embedment is, 


f=1.1 (« as Ny ) Reels Ne kat (69) 


2 Dp — Pa 

The value of ¢, obtained by using Equation (68), is somewhat larger than 
that obtained from Equation (69). It may be noted that the latter gives the 
same depth of embedment as would be obtained by simply balancing moments, 
of all pressures, about the anchor rod, using a passive resistance equal to the 
theoretical value instead of twice that value. 

The following analysis will show that the assumption of zero bending 
moment at the distance, a, below the original ground surface, or bottom of 
channel, also determines the passive resistance distribution below Point C, 
Fig. 16. Furthermore, the only significance of this point is that the active 
pressure per unit area is equal to the unit passive resistance. 

- ap 


~ zero moment, then, 
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Fie. 16. Fig, 17. 
In Fig. 16, ¢ designates the total depth of embedment; f: = t — a; and 
to is that distance below Point C' that would make the moment about Point M, 
of the pressure triangle, MCL, equal to the moment of Bo about that point, or 


Bolo = (2 pp — pe) x “2, from which, 


It also follows that, 


As the moment at Point C is assumed to be zero, the part of the sheeting 
designated by #, may be treated as a cantilever sheeting of this length, subject 


#® Design of Steel Sheet-Piling Bulkheads,” by Raymond P. Pennoyer, Assoc. M,. Am. 
Soc. C. H., Civil Enginecring, November, 1933, p. 615. . 
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; 
to a force, Bo, at the top, and embedded in a soil the passive resistance of 
which is (2 pp — pa). For such a case the passive resistance distribution may 
be readily determined from the formula, 


Vos [(2 Pp — Pa) t, =a 2 Bo}? 

(2 pp — Pa) ?, — 6Bot 

which is based on having the horizontal forces, and their moments about any 
point, balance. 


Substituting in Equation (72) the value of B, as given by Equation (71) and, 
also, substituting = for to, the value of Y is found to be 1.93 t, X (2 pp — pa), and,. 


7 


J B= 10.93 192: the teet OE) 


If d represents the distance of the point, Ni, above B, then, also, as ob- 
tained for cantilever sheeting, 


d= (2 py Ai Pa) vy ms) 2 Bo 


in detvice? Site ete (74) 
Y 4 
By making the substitutions indicated, 
Gh. =! O40 bass Sinoct «a + yee viedo 6 fone 


If the depth, t, is obtained from Equation (69), then, by making substitu-- 


tions similar to the foregoing, JB and d were found to have the following 
values: 


JB = 1.60 t, (2-95. paltat Steak. Ga ee (76) : 


and, 


Although Equations (68) and (69) are based on the same, or on new, 
principles of bulkhead design, a comparison of the values of JB, as obtained © 
from Equations (73) and (76)—as well as the values of d from Equations if 
(75) and (77)—show that the pressure distributions are quite different — 
despite the fact that each of the values will satisfy the conditions for such ; 
design. 

It will now be shown that for any depth of embedment, t, which is greater — 
than that required for the assumed actual unit passive soil resistance, any : 
number of passive resistance distributions may be obtained by varying the ; 
position of Point N (Fig. 17), and yet satisfy Conditions (a@) and (b). On 
this basis, however, the moment may not be zero at a distance, a, below the 
ground surface. The writer has seen no good reason given, however, and 
none is apparent, why the moment should be zero at that distance below the 


ground surface. For this analysis, the pressures, length of sheeting, and depth 
of embedment will be taken the same as given 
(see Fig. 17). 


CSB 1 


taint 


for the author’s experiment 
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The total pressure on the sheeting due to water is 64 X beige 23 300 Ib. 
2 


The active pressure due to the soil, which has an effective weight of 52 lb, 
will be taken at 17 Ib per sq ft per ft of depth, giving a total pressure of 


12)? 
iy M4 7 — 1220 lb. The sum of these pressures is 24520 lb. The sum 


of their moments about the point, 7, is 23300 x % X 27 + 1 220 
(15 + % X 12), or 448 000 ft-lb. If it were assumed that these pressures are re- 
sisted at the bottom of the sheeting by a uniformly varying pressure of a total 


448 000 
15 + 0.67 x 12 
19 500_X_ 2 _ 97 )p. 
2 2 


magnitude, H., represented by BGS (Fig. 17 ) then H, = 


= 19500 lb, giving a required unit passive resistance equal to 


The moment-of H, about Point B = 19500 x. 4 = 78000 ft-lb. For this 
condition, then, taking moments about B, 7A, = 23300 X 9 + 1220 X 4 
— 78000 = 215000 — 78000, which equals 137000 ft-lb, and Ay = 5070 
lb. This stress in the anchor rod, per foot of wall, is considerably 
greater than the several values obtained by the author. It is probably 
much larger than would exist for the case of a steel sheeting. It was obtained 
here for the purpose of indicating what the anchor stress would be in case 
the actual passive resistance were not larger than the theoretical value. 
This large stress may also be taken as an indication of what the anchor 
stress might be in the case of a rigid bulkhead which condition would be 
approached if a concrete wall were used. While it seems reasonable 
to consider that steel sheeting has some flexibility, it does not seem likely 
that it could be sufficiently strong to withstand the pressure it is 
subject to and yet be flexible enough to exert a large back-kick at the bottom 
of the sheeting at the same time that it also exerts a large pressure at the front 
of the sheeting only a short distance above the bottom, as shown in Fig. 5. 

However, assuming that the actual passive resistance is equal to twice 
the theoretical value, and that the sheeting has some flexibility, Conditions 


(a) and (b), previously stated, may be satisfied for any number of passive 


resistance distributions at the front of the wall for the same depth of embed- 


‘ment. These distributions may be obtained by assuming Point WN. (Fig. 17) 


at different distances above Point B. 

After assuming the position of Point N, the next step is to determine the 
value of the negative pressure triangle, JNS:, represented by H,, which is that 
part of the pressure, BGS, which does not need to be called into action. 
The magnitude of this pressure may be obtained by taking moments about 
Point 7; and, after obtaining H,, the value of Ao may be obtained by taking 
moments about Point B, so that, for a passive resistance equal to 2 pp, or 
600 lb, the pressure triangle, BGS., which will be referred to as H,, equals 


600 xX (12) _ 43 200 lb, and its moment about Point T is 43200 
2 


(15°+ 0.67 X 12) = 995 000 ft-lb. This moment, minus that of active pressures 


h 
4 
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about the same point, would be equal to the moment of H, about that point; or, 


H, ( 27 — #) = 995 000 — 448 000 = 547 000 ft-lb. For balancing moments 
3 


about Point 7’, then, the magnitude of H;, would depend on d, giving, 


7 pea a eg dl co a Fay np HE 5 (78), 


ps 

3 ‘ 

. Similarly, the stress in the anchor rod, Ao, would depend on the value of d- 
and H;, and could be obtained by taking moments about B. The moment of 


H, about B'= 600 x a =" 179800: filb, while: chelauin ef ale, Bie eee 


7 


Mor the active pressures, about this point, is 215000 ft-lb, as previously ob-— 


ie ee 
tained. Therefore, 27 4g = 215 000 — 172800 + H, X 5 = 42.2004 He x =, 


or, ; 
42200 + H; xX i 

Ago teey Ba ates ai aot shoo Bluey, sal: corgenle (79) 

27 i 

Furthermore, if JS, = Y, then, i 

; 

Ms eB ego dt PP Tita (80) 

d : 

and, | ro | 
BI = POG = Ye oe eet ee, ee a (81) 

é k 
To balance horizontal pressures, H, + Ao — H; = 24520 lb, or, ; 


HH; — ‘Ao = H, — 24520 = 43200 — 24520 = 18 680 Ib... 5. (82) 


Table 4 gives the values, obtained by means of Equation (78) to Equation 
(82), for several distances of d arbitrarily assumed. The closeness of the values 
in Column (7) to 18 680, given by Equation (82), shows that the horizontal 
pressures balance for all values of d. The moments balance, of course, because 


TABLE 4.—Compuration or Equation (78) To Equation (82) te 


Ea@vuation, (78) Equation (79) ; : : ; 
Distance, ———__———] Equation | Equation Equation q 
d, in feet’ | 1 pls es (82) (80) \ 781) 4 : 
Rous fererk Hass |53 4 Ao * ) } 
1 
(1) (2) (3) , (4) (5) _ ©) (7) (8) (2) oe 
Bikinds ee 1 26 21 000 | 21 000 2 340 18 660 14 000 i 
ears 2 25 21 850 | 43 700 3 180 18 670 2 cae eh 
OD Se 8 3 24 22 800 | 68 400 4 100 '18 700 5 070 +2 130 
MO aaa he 4 23 23 750 | 95 000 5 070 18 680 3 960 +3 240 


. = 1.85 ft. Therefore, 4, = 12.0 — 1.85 = 10.15 ft. 
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the values of H; and A> in Table 4 (Columns (4) and (6)), were obtained on 


that basis; so that, while the Brennecke-Lohmeyer method,” which is essentially 


the same as the Blum method,” gives a passive resistance distribution that 


checks mathematically, other possible distributions may be obtained which check 
likewise. In fact, by assuming a large passive resistance for the soil, 
and a small value for d, it would be possible to satisfy Conditions (a) and 
(b) and to obtain not only a small tensile anchor stress, but even a result 
indicating that the rod is in compression. This would be an absurdity, of 
course, because even if the sheeting could act as a cantilever, it would deflect 
away from the soil at the top of the wall. 

That it is irrational to assume zero moment at Point C, Fig. 18(a), may 
be shown in another way. For a passive resistance of 2 pp = 600 lb and an 


960 (= EG) _ 960 


active pressure below the ground surface = 81 lb,a = — 
: 600 — 81 519 


ad 


T b Avia 


Ground 


. Pressure Line Reproduced 

from Author's Fig. 14 : 
Resultant Pressure for pp = 900 Ib’ 
Resultant Pressure for pp = 750\Ib 


NON 
St ig. Gi es 
=< aN 
Ata N 
ike Bsa 
i 
Se Sa 
“S FHS 
mat pay 
(b) /) sates “ 
[\ eon aol his | “ORK _B SNUBS 
R3 R2 B JaJ2 Ss S2 S3 


Fie, 18. 


Treating the part, TC, as a simple span and taking moments about Point 
T, Bo was found to be 5 100 lb, and, after substituting values in Equation 
(7 2), BR, was found to be 2780 lb, and from Equation (74), d, was found to 
be 5.4 ft; also, Ao was found to be 3 020 Ib. for this condition. weeks 


2 Die Bautechnik, No. 5, 1930. 
2 Carnegie Steel Sheet-Piling, Insert B. 
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Similarly, for an assumed actual passive resistance of 3 pp, or 900 lb, the 
following values were obtained: a = 1.17 ft; Bo = 4990 lb; BR, = 1470 lb; 
d, = 8.82 ft; and Ay = 2.780 lb. 

For the purpose of comparison, some of the foregoing values, as well as 
the corresponding ones previously obtained for a required passive resistance 
of 270 lb represented by Triangle BGS are given in Table 5. 


TABLE 5.—Comparison or STRESSES 


PressuRE aT Borrom or SHEETING eet 
: Anchor stress, 
Assumed passive ; A 
resistance, if pounds Distance Pressure, Ao, in pounds 
(see Fig. 18(a)) in pounds 4 
(1) , (2) (3) ) 


270 BR “+1 310 5 070 
600 BR —2 780 3.020 
900 BRs —1 470 2 780 


It would be reasonable to expect that the values in any column of Table 5 — 
should vary. approximately as the assumed passive resistance, or, at least, 
they should vary consistently. As the values for the passive resistance of 
270 lb were obtained by simply balancing moments about. Points T and B, 
which may be termed the “ordinary method,” in which no arbitrary assump- 
tions are involved, these values may be taken as the basis for comparing the 
others. It is seen from Table 5 that for a passive resistance of 600 lb, 
the pressure at the bottom of the sheeting is 4090 lb less than for a passive 
resistance of 270 lb, while for a resistance of 900 Ib, this pressure is 1310 lb 
greater than for the resistance of 600 lb. Thus, these pressures do not even 
vary in the same direction although those for the 600 and 900-lb resistances 
were obtained by the same method. From Column (3), Table 5, and Fig. 
18(a), it may be inferred that the higher the assumed passive resistance the — 
nearer will the pressure at the bottom of the sheeting approach that for — 
the passive resistance of 270 lb. This shows clearly that the assumption of 
zero moment at the distance, a, below the ground surface is not reasonable. — 
This may also be seen by comparing the values in Column (4), Table 5. The © 
difference between the A, values for a passive resistance of 600 lb and that i 
for 270 lb is about eight times as great as that between the values for 900 and ~ 
600 Ib. ; 

In view of such inconsistent results, obtained by assuming zero moment at 7 
the point where a line drawn through Point EF and representing the assumed 
passive resistance, minus the active pressure, reaches the sheeting line, TB, 


and based on analyses: which will not be gone into here, the writer 
that the formula, 


suggests : 


d= (0.65)! 0.02)... kan 85 (88) 


Sr oh sine er gorciyians 


will give approximately accurate passive resistance di 


stribution for any as- 
sumed unit actual passive resistance. 
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In Equation (83), d is the distance from the bottom of the sheeting to the 
point, N, and r is the ratio of the assumed unit passive resistance to that unit 
resistance for which a uniformly varying pressure from Point G to Point B 
would balance the moments about Point T. Generally, the latter resistance is 
the theoretical passive resistance of the soil. 

In Fig. 14, Mr. Baumann gives the pressures, moments, and deflections 
based on his analysis of passive resistance as indicated in Fig. 11. In the 
paragraph preceding “Conclusions,” the author states that he found it neces- 
sary ‘to apply a factor of 2.5 for the passive resistance of the soil, in order to 
establish equilibrium. This factor would give a passive resistance of 
2.5 X 300, or, 750 lb. As the unit passive resistance required for a uniformly 
varying resistance for the entire depth of embedment was found by the 


writer to be 270 lb for a passive resistance of 750 lb, r = =) = 2.78. Sub- 


stituting this value in Equation (83), d is found to be 0.705 ¢, or 8.45 ft. 

As previously found, the sum of the active pressures is equal to 24 520 |b; 
the sum of their moments about Point T equals 448 000 ft-lb; and the sum of 
their moments about Point B equals 215 000 ft-lb. With GS., Fig: 18(b), 
varying at the rate of 750 lb per ft of depth, and H, representing the pressure, 
J. Nz S2, that will have to be deducted in order to balance moments about the 


point, 7, then, H(27 - Saal (2.78 — 1) x 448.000 = 800000 = 24:18 H., 


and, H, = 33100 lb; from which 5 Rea oa 2 _ 7 830 Ib. 


As BS, = 750 X 12 = 9000 Ib, BJ, = 1170 1b. Furthermore, the value 
of Ao, for this condition, was found to be 3 420 lb. 

The resulting pressure distribution, after subtracting the active pressure 
from the passive resistance, iP Og ei On) PacUauet U, R, B, as shown on 
Fig. 18(b). The author’s pressure line, from Fig. 14, is reproduced as a 
broken line. This pressure distribution is higher and also comes to the left 
of that just described. This is due to the fact that, in accordance with Mr. 
Baumann’s analysis, as shown in Fig. 11, the passive resistance line is a 
convex curve instead of having a linear variation. 

To approach more nearly the author’s resulting pressure line; and still 
assume a linear variation for the passive resistance, a resistance factor of 3. 


was assumed, or a value of 900 Ib per sq ft. On this basis, r = oT 3.33, 


and d = 8.6 ft, giving a resultant pressure distribution, TEC; +. OsPsUs. 


Les Had: This approaches more closely the resultant pressure distribution 
shown by the broken line. The value of Ao for this condition was found to 
be 2980 Ib which compares very closely with Mr. Baumann’s value. of 2920 Ib. 
It may be noted that the pressure at the bottom of the sheeting decreases con- 


sistently as the value of r increases. 


ment of the passive resistance of soil can as ye 
in view of. the present-day uncertain knowledg 
erties, and although he differs very seriously 
of the interlocked value of a sheet 
methods whereby some of the pro 
along sound engineering lines, 


tion of Culmann’s 


884 PENNOYER ON ANALYSIS OF SHEET-PILE BULKHEADS Discussions 


While the author states that the compression on the soil depends on the 
movement of the sheeting, it. appears that he overlooked this point when ob- 
taining the deflection curyes on the diagram to the left of Table 2. For the 
curve marked, ep = 1.00, for instance, the shift at the bottom of the sheeting 
is indicated to be zero. For such a unit resistance, the passive resistance dis- 
tribution would be the same as BGS in Fig. 18 (b), and in order to develop 


_ the pressure, BS, the sheeting would have to move forward at the bottom. 


. The method of designing sheeting by considering the resultant pressures— 


that.is, the passive resistance minus the activd pressure—involves an element ~ 


of risk in that the actual pressures may be overlooked. This statement is 
prompted by the manner in which the author obtains the factor of safety 
against the wall being pushed out for the case illustrated by Fig. 7. Inthe 
text preceding Equation (2), he finds this factor of safety to be 2.42. The 


writer, however, found this factor of safety to be 1.64 in a manner outlined 
as follows: 


Sum of Ai,to As, inclusive (Fig. 7), in POUNdS st) evens ya ts 
Active pressure, in pounds, below ground surface 
=> (620.4 ASON:} GUGAIG al asiniss th -ausitl aed: sen B50 
Total active pressure, in mounds AOR Sh acta ARS epee = 20005 
’ Anchor stress, in pounds, is Given’ ase see eee ee = 7555 
Pressure, in pounds, to be resisted at. the bottom of the 
CEL DC RF AN GRR ls ee Mecpeieaker , & | = 12 450 
’ i (14.25)? 
Total passive resistance, in pounds, = 201 x +-=-“"/ — 90400 
yet 
20 400 


actor of antety) asia 2 leds terion ee Tah Ra aera = 1.64 


As indicated, this factor of safety (1.64) was obtained on the basis of the’ 


passive resistance being 201 Ib, which is twice the theoretical value for 
thig cases °8 ie 


» Raymonp P: Prnnoyer,”, Assoc. M. Am. Soc. C. E. (by letter)."*—An_ 
ingenious treatment of an involved subject is described in this paper which 
clearly indicates careful research, and which contains valu 
toward the logical design of sheet-pile bulkheads, ; 

Although the writer questions. whether Mr. Baumann’s accurate develop- 


t be made of practical value, 
e of the other essential prop- 
with the conclusion that 15% 
-pile can be assumed, his paper has shown 
blems encountered in design can be solved. 


able contributions 


One example that has been of great assistance to the writer is 
E-line method to’ the passive resistance value 


#2 Structural Engineer, Carnegie Steel Co., Pittsburgh, Pa, osaG 
22¢ Received by the Secretary, June 13, 1934. 


the applica- 
of a berm, 


| 
) 
- 
} 
j 
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It is regrettable that Mr. Baumann did not elaborate his test’ apparatus, 
indicated in Fig. 2, and that he did not take more deflection observations 
under various loadings, because the conclusions reached by his excellent treat- 
ment of the theory involved would then have been much more convincing. 

A steel frame, as nearly rigid as possible, around the enclosure, with the 
steel sheet-piles bearing against it, would have eliminated the necessity of 
assuming the supporting value of the soil; and’ the problem would have been 
reduced to a study of a simply supported beam with a fixed support at one 
end. If, after observing deflections, the frame had been’ removed, the sup- 
porting value of the soil could then have been determined accurately from 
another set of loads and deflection readings. 
To add to the uncertain value of the test, only one set of deflection read- 
ings was secured, and that only after the steel was stressed beyond its elastic 
limit. - This is clearly indicated in Fig. 6, showing the permanent “set” of 
the steel after the test. Mr, Baumann does not state whether the measure- 
ments were taken before or after the sheet-piles were pulled, or whether. the 
piles were examined for straightness before the test. The fact that they all 
showed different amounts of “set,” illustrates the erratic behavior of steel 
when stressed beyond its elastic limit. 
If several sets of deflection readings had been taken with the water. at 
increasing elevations within the enclosure, so that, the steel was loaded. within 
its elastic limit, and if the results were then examined, a conclusive study 
would. have resulted. The writer, however, ventures a statement. that, as 
the load increased on the sheet-piling and slippage progressed, in the inter- 
locks, values of the interlocked section modulus under the different loads 
would have been at such variance that no conclusions as to’ what could actually 
‘be assumed for the interlocked value would be possible. f 

Mr: Baumann is to be complimented on the ingenious and unique: pro- 

cedure whereby he has determined the actual section modulus of the bulkhead 
from the observed and calculated deflections. However, if the elastic limit: of 
the steel had not been exceeded, the same results could have been secured 
by a simple calculation, using the known value of 29 X 10° for the modulus 
of elasticity of steel. The ‘author’s attempt to plot a curve giving values 
for the modulus of elasticity of steel, indicated in his Figs. 4 and 9, as a 
result of only seven tests, renders the conclusions of doubtful value. Another 
serious fact that has been overlooked is that steel follows no constant law 
for the ratio of stress to strain beyond the elastic limit, and the fundamental 
calculations in the paper are based on steel always having the ‘same strain at 
the same stress. Steel, when stressed beyond its elastic limit, is most erratic 
in its behavior. That tests made from similar steels do not then show the 
same strain for equal stress, ig well illustrated in the Final Report” of 
the Special Committee on Steel Columns and Struts. The modulus of elasticity 
of the steel in the author’s Fig. 4 leaves the straight line at about 37 000 Ib 
per sq in. If Fig. 4 were constructed to a larger scale beyond this point, the 


2 Transactions, Am. Soc, Cc, B., Vol, UXXXIIT (1919-1920), p. 1630, Pl. XXXV, 


7 
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writer believes it would be seen that the curve shown could not have been 
drawn from accurate application of test values. E 

The writer further questions the value of the final figures in view of 
the accuracy that is necessary in the intermediate calculations when these 
values are founded on graphical readings and interpolations, with special 
reference to a variable modulus of elasticity of steel which has been assigned 
a value to an accuracy of 10000 units by graphics. é 

The actual longitudinal shear along the interlocks of the sheet-piles in . 
the test at the tie-rod, where it is maximum, can be calculated from the — 
following equation: 


Fe as 2S pang ONT io ee Seam (84) 


in which, s = longitudinal shear, in pounds per linear inch; S = horizontal 
shear, in pounds, = 29920 lb per ft (Fig. 14 of the paper) = 3 833 lb for a 
153-in width of pile; M, = moment of resistance per foot of width = area 
(square inches) X distance from center of interlock to the neutral axis of 
the sheet-pile = 7.9 x 1.7 = 13.43; and, J = interlocked moment of inertia 
= 27.35 in.’ . 

The actual shear is found to be about 1880 lb per lin in. This shear 
must be resisted by friction at the point investigated because, if the 
shear exceeds the friction value at any point, slippage will occur. Any claim 
that a sheet-pile interlock sufficiently free to drive, no matter what its design, 
will, after driving (and without welding or otherwise positively ‘preventing 
slippage), develop sufficient friction in itself to eliminate slippage when the 
load is applied, cannot be substantiated. 

From a study of the figures derived, it is difficult for the writer to under- 
stand what has justified Mr. Baumann’s conclusion that 75% of the full 
interlocked value of a sheet-pile can be assumed invariably. . The only cer- 
tain value which can be assigned to a sheet-pile in which the interlocks are 
on what must be the neutral axis in assuming an interlocked value, is that 
of the single, non-interlocked pile, when one considers such variables as con- 
ditions of loading, straightness, lengths of the sheet-piles, and unavoidable 
irregularities in the interlocks. The sheet-piles might even hold to one 
value during the short period of a’ test, but there is no guaranty that the 
interlocks will not slip later and that the value will be reduced to that 
which approximates the non-interlocked single pile. The interlocked value, or 
any portion thereof, should: not be used, unless the interlocks: are welded 
or longitudinal slippage is positively prevented in some other manner. There 
is danger of overstressing the steel in assuming a section modulus greater. 
than that of the sheet-piling, | 

The writer emphatically denies that American manufacturers advocate ‘§ 
the use of 75% of the interlocked value of. a sheet-pile, as stated in Con- 
clusion 5 of the paper. On the contrary, American manufacturers have 
always been consistent in advocating only the use of the single, non- 
interlocked value of a sheet-pile, unless the possibility of longitudinal 
slippage is positively eliminated. ; 


pe + 


Kyte ov 
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Penetration. —'The author does not. explain the derivation of Equation 
(3) for the calculation of the penetration of the piling which develops the 
full constraint of the earth. This equation may be compared with a similar 
one derived by Dr. H. Blum and the writer in another connection. Its 
derivation is here -illustrated in Fig. 19(a). The passive resistance of the 


Bottom be ° 


Fic. 19. 


soil is treated as linear. The method eliminates any necessity for approxi- 
mating the relative passive value of the soil on the front and the back of 
the wall. 

With Mr. Baumann’s notation let: 4» — Aa = net increment of the pas- 
sive resistance value of the earth, as developed by the Coulomb formula; 
e: = active pressure at the bottom, in pounds per square foot; and 
Bo = equivalent reaction of the equivalent simple beam on the bottom sup- 
port, in pounds per foot of width as determined graphically. 

Doubling the value of the passive resistance as derived by the Coulomb 
formula, the location of the support of the equivalent beam below the bottom 
is, in feet: 


Fy eh IAG A RD OD eG Db ta: (85) 
i 2 (Ap i a Xa) 
Furthermore, 
Area A = Xp Ag) Poi asetnaty niente (86) 
2 
and, 
Area B = (2 Ny = Aa) & U + F) RiGee awake, a Lov 
2 
in which, F = the ratio of the passive resistance value of the soil on the 
right or fill side of the wall to the left or outside. Equating pressure loads 
oe a tee (88) 
2 2 
and, 


oes (2 A» — Aa) Bo — 2 Bo 


i= 
(2 Ap se da) to (I +h F) 


“ Civil Engineering, November, 1934, Equation (9), p. 618. 
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Equating moments around the bottom of the pile: 


i —[o = Ya) Bo | (2p — Ya) to E+ F) (A) 


6 6 
Substituting the value of ¢, from Equation (89): 


. 


]=o.. @ 


Pie Be 6 (I + F) —4 _4 BY =0.. (01) 
“GEE ey De F 2% — A) F 


’ For simplification, the loading as illustrated in Fig. 19(a) can be approxi- 
mated as in Fig. 19(6). Equating moments: 


3 
Bot = (2d Mts 


6 
and, 
teas Be WO 5 deh ei Te (92) 
2 Np se x 5 
. é 
Let the ratio of ty (Fig. 19(a)) to t, (Fig. 19(b)), equal a factor, K, = Tal 
3 
Then, 
hae V GB Bouse zeae, aaa tal (93) 
2p — Na 
and Equation (91) can be written, 
Bota has petrenr lie sas WO bocca chon eee (94) 
5 oF 9F 


For any value of F (Fig. 19(a)), the value of K. bees ee can be calculat 
3 
from Equation (94). 
Equation (94) indicates that the ratio, K,, 
soil conditions, including the magnitude of Bo 
the ratio of F, the ratio, K., approaches unity. Since, even under the most 
unfavorable circumstances, the value of F can never be less than 1.0, the 
depth to drive the piling will never be more than 1.2 times that, calculated 


from the approximate loading condition, as illustrated in Fig. 19(b). 
Normally, the factor, 1.1, applies, 


sheet-pile is heavy fill, with a high 
value, this factor may rise to 1.2. 


The final result for the depth to drive the sheet 
the full constrai 


is entirely independent of the 
. Furthermore, by increasing 


active lateral pressure and a low passive 


-piling in order to utilize 
ning action of the earth from Equation (92) is: 


ek ho 6 Bo ] 


2p — Ng 
Equation (95) corresponds to Equation (3). Using ho = 15; An — Ae = 525 
Ib per sq: ft (see Fig. 5); a = 18 ft; By = 5570 Ib; and K, = 1.2; the 
penetration, t, is found to be 10.9 ft by Equation (95), and 10.6 ft by Equa- 
tion (3). The results are equal for all practical purposes, A useful check 


but if the soil confined behind the steel _ 


, ‘ Sa ch dee 
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on Equations (84) to (95) is illustrated in Fig. 6 of the paper, indicating 
that constraint was actually present at 10 to 11 ft of penetration. 

Mr. Baumann’s analysis of the theoretical distribution of the passive resis- 
tance of the soil and its application to the test is most unique, interesting, 
and thorough. The writer extends congratulations on bringing this study to 
its probable ultimate of mathematical accuracy. However, judgment is 
reserved as to the feasible practical application to the wide variety of condi- 
tions found in practice. 

It has long been recognized that the supporting resistance of the earth 
was not represented by a straight line, but was nearer that developed by 
Mr. Baumann. However, the straight-line method of calculation, as used in 
Figs. 5, 7, and 19(a), will continue to be sufficiently accurate at least until 
the greater inaccuracies of the basic earth-load assumptions are removed. 

Three factors are necessary in Equation (67), all of which depend on the 
character of the soil, and must be determined by test; and, furthermore, such 
factors might be variable even in closely adjacent locations. The writer is 
not prepared to state whether such tests can be made of practical value when 
it comes to the study of stratified, undisturbed, compacted, natural soil at 
considerable depths. 

He is not convinced that the passive value of a soil will increase continu- 
ously, no matter to what extent lateral deflections or movement proceeds, as 
is inferred in Fig. 15 and in the paragraph containing Equations (61) and 
(62). Compression of the soil, when the sheet-piling is driven, very probably 


causes sufficient lateral movement to develop as much passive resistance as 
4s safe to assume. Application of the theory is further complicated when 
earth of more than one type, or a combination of earth and water, is con- 


fined behind the bulkhead, or when the sheet-piling is driven into soils | 
having strata of different values. 

Therefore, the writer recommends the use of the straight-line procedure 
for the calculation of the penetration and the corresponding bending moment. 
This method more closely approximates the true constraining action of the 
earth at the bottom of a sheet-pile than it is possible at present to approximate 
the active lateral earth pressures on a sheet-pile. : 
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By MEssRs. JONATHAN JONES, A. MULLENHOFR, H. CECIL BOOTH, 
JACOB FELD, AND GLENN B. WOODRUFF, HOWARD C. Woop, 
AND RALPH A. TUDOR 


JONATHAN JonEs,’ M. Am. Soc. CO. E. (by letter)"*—Mathematical tools are 


provided, in this valuable paper, for more accurate study of suspension bridge © 


economy in two categories—the span of less than 1000 ft, and the continuous 
span with tie-cables—both of which, from present indications of the trend, 
should engage the attention of many highway bridge engineers in the United 


States. The author has been able to present an orderly process for making the — 


computations, as well as a development of the theory, in a compact and usable 
form. 


Two of the practical conclusions in the paper seem to warrant comment: 
(1) In the “Introduction,” the statement is made that the continuous truss 


offers advantages “in improved and simplified supporting details at the towers.” 
This is true when the tower legs are battered so that the trusses pass between 


the legs and rest on a transverse girder. In that case one bearing per truss, — 
instead of two, will be more simply accommodated. For towers with vertical — 
legs in the truss planes, the opposite is true; it is not so simple to pass a truss _ 


through a tower leg, at a point of portal bending stress, as to pin it off front 
and back. However, as the author indicates that the probable field for the 
continuous truss is in shorter spans, to which past practice also indicates that 
the battered tower is appropriate, the statement here criticized will hold in 
general. %, 

(2) In the “Comparison of Deflections,” there occurs an averaging of main- 
span and side-span deflections, which seems to fit no conception that the writer 
can appreciate. The standard conception is that a deflection, occurring over 
a certain length of span, represents a change in rate of grade which may or 


Notr.—The paper by D. B. Steinman, M. Am. Soc. @ BE. was published in March 
1934, Proceedings. Discussion on this paper has app 1 : 
In’ May, 1004, by ee eq pap S appeared in Proceedings, as follows: 

™Chf. Engr., McClinticMarshall Corporation, Bethlehem, Pa. 

74 Received by the Secretary May 10, 1934. 
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may not be unsatisfactory for the conditions. Now it may happen that the 
main-span deflection in a given bridge is the criterion of unsatisfactoriness or, 
in some other bridge, the side-span deflection. An unsatisfactory main-span 
deflection, however, is not made satisfactory by the circumstance that the side- 
span deflection is moderate, nor vice versa. Therefore, it appears to the writer 
that the author’s examples have shown the 800-ft continuous truss to be 
slightly more flexible in the main span and considerably less flexible in the 
side spans than the discontinuous truss of the same economy, and that there 
the comparison rests. Similarly, in the second study, the continuous truss 
which costs 5% less than the discontinuous, is a truss 5.4% more flexible in 
the main span and 6% less flexible in the side spans, whichever of those two per- 
centages may be significant. 

Economic comparisons of suspension bridge types, to be valid, must be 
based on equality of maximum deflection in that span (main span or side 
span) where deflection is significant. This is true because two suspension 
bridges may be the same as to loads and unit stresses (that is, as to safety), 
and yet be as far apart as the poles in flexibility. Unless they both fall within 
whatever criterion of flexibility is applicable, while one may be an acceptable 
bridge, certainly both are not. 

The design of other types of bridges is based upon their carrying certain 
loads at certain unit stresses; but a suspension bridge design cannot even be 
begun until there are stipulated, in addition to the loads and unit stresses, 
the criteria for maximum admissible flexibility. To a certain extent these 
criteria must be psychological, possibly as much so as mechanical. Whether 
such criteria of flexibility as have been and are being chosen are valid, and to 
what extent deviations therefrom would be regretted, is the most important 
remaining question in the field of suspension bridge design. 


A. Miuennorr,® Esa. (by letter)**.—The theory presented in this paper is 
as complete and simple as is possible in dealing with such an intricate sub- 
ject as the exact theory of suspension bridges. Under “Introduction,” the 
author gives a short history of the exact theory and states that it was 
originated by J. Melan. From the bibliography in Melan’s work cited by Mr. 
Steinman; credit in turn may be traced to Miiller-Breslau. In his paper’ for 
the first time Miiller-Breslau presents the fundamental differential equation: 


Be pene LA) eth aes ksh et ae (58) 
dx? 


Cc 


and its solution, | 
n = Ce* + Cee — f(a) — re Roar g... (59) 


in which the notation is that of Mr. Steinman’s paper. At that time, Miiller- 
Breslau had not developed formulas for use in computations by that method 
and, evidently, he did not then recognize the fundamental difference and the 
*Pprof., Technische Hochschule, Aachen, Germany. ; 
sa Received by the Secretary May 16, 1934. 


» “Theorie der durch einen Balken versteiften Kette,” by Mliller-Breslau, Zeitachrift d. 
Architektur und Ingenieur-Vereins zu Hannover, 1881, p. 76. 
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superior value of his solution over the ordinary method of computation. 
Nevertheless, this paragraph in his paper seems to be the first reference to the 
deflection, or exact theory and, therefore, Miiller-Breslau should not. be 
omitted. from any historical reference to this subject. 

The introduction of the function, d, in the paper seems to be a great im- 
provement (see Hquations (14) and (15)). The profession should be grate- 
ful for it, and this discussion is confined to a few suggestions as to what else 
could be done along this line. 

Cantilever stiffening trusses which have been advocated in several in- 
stances (as, for example, in Schachenmeyer’s design of the Hudson River 
Bridge),” are not covered by the theory of this paper, of course. However, it 
is improbable that bridges of this type will ever be built. 

The author leaves only two questions to be answered: (1) The variation © 
of the coefficients of reduction which need to be applied to the values for H 
and the moments computed by the elastic theory in order to obtain prelimi- 
nary values of H and c with varying values of the moment of inertia; and 
(2) the exact theory applying to the influence of wind loads. 

In designing a structure by the exact theory it is advisable first to prepare 
a preliminary design by the ordinary deflection theory and to reduce the 
values of H and I (which depend on the moments) by certain percentages, in 
order to obtain approximate values for the final design. These percentages 
depend mostly on: the rigidity of the stiffening truss, or on its moment of 
inertia, which can vary between very wide limits from zero to almost any 
value. The author gives the percentages of reduction for a certain case (see 
Fig. 3), but. these do not apply for a design with widely different proportions. 
It seems. desirable to arrange these reduction factors graphically or by 


_ formula in such a way that they can be selected and applied to every case, 


Perhaps it would be possible to determine thjs relation either in a general 
way or by solving a number of cases. The results could be plotted in a 


graph using as the argument, p's oH in which, M is the moment that the 


stiffening truss is eapable of resisting, and Mo, the moment producible by 
the live load in a beam of the same span length, without cable suspension. 
Under “General Data—Calculation of Constants,” the author uses the follow- 
ing data: 1 = 800 ft; 1, = 400 ft; p = 1800 lb per ft; and I = 1960 in2-ft2 
The depth of the truss, h’, is given as 14 ft. Then, if the allowable stress is, 


say, 20000 lb per sq in., M — = 26 S860 20-000 = 5.6 X 10° ft-lb. 
A few trials will be sufficient to decide whether My may be taken as the 


moment of a simple beam the length of the main span (that is, 1300 x 800? 


eo) 8 
= 104 X 10° ft-lb), or whether it is necessary to use the maximum or the 
minimum moment in a continuous beam of the same dimensions. 


_ ™° Transactions, Am. Soc. C, B., Vol. 97 (1933), p. 36, Fig. 19(d). 
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In Fig. 6, for example, the maximum moment, Mm, equals 52 x 10° ft-lb, 
and the minimum moment, M,, equals — 62 x 10° ft-lb. For the first case, 


104 
therefore, p = ——~= 18.6, and for the second case, p = G2 11; or, 
5.6 56 
_ 52 : | 
rt 56 = 9.8. The advantage of this basis of comparison would be its 


independence from the values of J, I, and h’, since p is a dimensionless number. 


m 
1 
1 


LLL 


As mA 
! 
I 

Fig. 6. 


Another phase of the problem that has not yet been answered is the influ- 
ence of the wind. Leon S. Moisseiff, M. Am. Soe. C. E., and Mr. Frederick 
- Lienhard have introduced a good means of approximating this effect.” 
_ Messrs. Moisseiff and Lienhard, however, do not consider the interdependence 
_ ‘between the stresses in the cables and stiffening trusses and the stress in the 
wind girder. Professor Domke has contributed” somewhat to this subject. 
He treats only single-span bridges, using the elastic method, of course. The 
stress in the chords of the lateral (wind) truss are compression on the wind- 
: ward side and tension on the lee side. Ordinarily, the chords of the wind truss 

also serve as the chords of the stiffening truss; and, therefore, the com- 
‘pressive stress will cause an upward deflection which will diminish the pull 
in the cable on that side, whereas the tension will produce a downward de- 
flection which will increase the pull in the cable on that side. In the one 
case, therefore, the value of H will be less than by the ordinary method of 
computation, and, in the other case, it will be greater unless the afore- 
mentioned interdependence is taken into consideration. (The writer assumes 
the wind truss to be in the plane of the lower chords.) On the other hand, 
a non-symmetric loading on the bridge will produce further stresses in the 
chords which, in turn, will produce additional stresses in the wind truss. 
Professor Domke gives an example in which the maximum shear in the 400-ft 
wind truss is shown to be 22% greater than is indicated by the customary 
manner of computing the stresses. 

Instead of using the two cable pulls, H, and H:, as redundant forces, 
Professor Domke has found it advantageous to use Xa = Hy + Hy and Xp 
— H, — Hz, because then Aq = 9. A more exact theory than that of Mr. 


2 Transactions, Am. Soc. C. E., Vol. 98 (1933), p. 1080. , 
12 “Ueber den Windverband versteifter Hiingebriicken,” by Prof. Domke, in 
“Mestschrift Miiller-Breslau,” pub, by A. Kroner, Leipzig, Germany. , 


‘ 


894 FELD ON DEFLECTION THEORY FOR SUSPENSION BRIDGES Deseuanaim 
Moisseiff, termed “the elastic distribution method,” seems desirable because : 
for long bridges the influence of the wind load is relatively great. What is | 
the justification, for example, of computing stresses in a bridge exactly within, 
say, 5% when the stress from the wind may be in error as much as 20 per 
cent. ? 

In closing, the writer wishes to record his most sincere respect for Mr. 
Steinman’s valuable paper. 


H. Ceci Booru,” Ese. (by letter).“*—With the present paper by Mr. Stein- 
man and the work of the late Max Am Ende,“ the theory of suspension 
bridges seems to have been so thoroughly investigated as to leave little more 
to be added. 

The entire question of the design of a suspension bridge for a particular 
case depends primarily upon a practical determination of the deck deflection 
that is to be permitted. Economy in design is dependent upon the extent of 
this deflection. 

No writer on this subject, including the author, seems to have given an 
opinion as to the maximum allowable deck deflection (say, in terms ‘of deck 
deflection to span) for suspension bridges of varying spans and for different 
classes of traffic; and it would be very useful if the author would establish 
his recommendations. 


Jacos Fetp,* Assoc. M. Am. Soc. C. E. (by letter).°*W—The assumptions 
from which the basic formulas of this paper are derived, are clearly stated 
and the limitations of each resulting formula are carefully explained. 
Although there is a great deal of summarized mathematics, the logical steps 
required for the derivation of each formula can easily be filled in by any one 
so inclined. i 

The determination of stresses in structures that are classified as rigid, 
in which changes of shape are caused entirely by the change in lengths of 
members due to elastic deformation, for the determination of principal 
stresses, requires the rules of statics only. However, when structures include 
cables for total or partial support, the geometrical shape of the cable is quite 
important in determining the stress, not only in the cable but in all the 
rigid members. The inter-relationship of the stresses in the cable and those» 
in the stiffening truss members are clearly stated by the author. It is also 
pointed out that the geometrical shape of the cable is closely related to that 
of the stiffening truss. However, to avoid unwieldy complications for the 
formulas, it. is assumed that the main cable remains a parabola under all 
conditions of dead and live load. A weightless cable assumes the shape of 
a parabola when it is acted upon by a series of equal loads, equally spaced. — 
In a suspension bridge these loads, of course, are the suspender loads. As 4 


* Cons, Engr., Westminster, London, §. Ww. 1, England. 
8a Received by the Secretary June 1, 1934. 


* “Suspension Bridges with Stiffenin Girders,” by Max A i € 
ceedings, Inst. C. B., Vol. CXXXVITI (1898-99), sey Ro cae aaa i 


% Cons. Engr., New York, N. Y. 
a Received by the Secretary May 31, 1934. 
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indicated by Equation (11), the deflection theory shows that the suspender 
loadings are not constant, but depend on deflections in the stiffening truss. 
This is especially true in short spans where, in addition, the ratio of live 


load to dead load is much greater than in long spans. The inequality of sus- 


pender loads will necessarily change the shape of curve in the cable. Such 
change involves a revision of the cable tension as well as a change in all 
stresses that depend on the cable tension for their valuation. 

In addition, especially for short spans, the condition of unbalanced live 
load, such as that shown in Cases III and IV can only result in a curve that 
is not a symmetrical parabola as originally assumed, but that can be taken 
approximately as two half parabolas, of different characteristics. The lowest 
point of the curve will not be at the center line of the span. 

For long-span suspension bridges, the aforementioned refinements are 
negligible. However, for short-span bridges, if the ratio of live load to dead 
load approximates unity, a noticeable change in shape of curve can be 
determined. The amount of change will increase with an increase in ratio of 
sag to span, and for the shorter spans the sag ratio is usually greater than for 
the long spans. Such increase of sag ratio tends to produce a better looking 
bridge for short spans. 

The profession is greatly indebted to the author for such a complete 
derivation of formulas for all possible cases of suspension bridges in accord- 
ance with the deflection theory. With this study available, there is probably 
no further reason for using the more approximate elastic theory and, in that 


replacement, this paper serves as a milestone in the advancement of engineer- 


ing as a science. It could well serve as a model for future reports on the 
theoretical developments in any branch of engineering. ‘nj 


Guenn B. Wooprurr,* M. Am. Soc. C. E., Howarp C. Woop,” Assoc. M. 
Am. Soc. G. E., anp Ratpn A. Tupor,” Assoc. M. Am. Soc. C, E. (by 
letter).*"—A commendable contribution to the theory of suspension-bridge 
analysis has been made by Mr. Steinman, and his paper merits a most care- 


- ful study. In particular, his extension of the “Deflection Theory” to include 


(1) the effects of stiffening trusses continuous through the towers; and (2) 


- multiple-span bridges with and without auxiliary tie cables, gives the design- 


ing engineer two new tools for which there may well be a growing need in 
the future. 

As pointed out in the paper, continuous trusses have already been used 
on several structures. The author indicates the advantages that this feature 


-possesses, but it is believed that he has given too little emphasis to the added 
“rigidity contributed. . 


In the usual layout the maximum roadway grade is to be found on the 
side spans. Live loads produce a change in the grade which is often of 


16 Engr. of Design, San Francisco-Oakland Bay Bridge Comm., San Francisco, Calif. 

Senior Bridge Designing Engr., State Dept. of Public Works, San Francisco- 
Oakland Bay Bridge, San Francisco, Calif. 

18 Senior Designing Engr. of Bridges, Div. of Highway: State Dept. of Public Works, 


San Francisco-Oakland Bay Bridge, San Francisco, Cal 


18a Received by the Secretary, June 22, 1934, leire 
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serious proportions. A continuous truss will reduce this change materially ' 
and particularly so on the side spans. Furthermore, continuity of the truss ; 
will forestall any abrupt break in the roadway grade. - 
Probably the most important advantage to be derived from this feature: 
is the reduction, of the maximum wind stresses in the truss. This fact is; 
brought out by Mr. Steinman, but is of such importance as to bear repetition. , 
Together with the ‘advantages to be derived from continuity, there are : 
certain practical considerations that must not be overlooked. ‘A suspension | 
bridge is somewhat peculiar in that it suffers relatively large distortions. 
Because of this, the expansion joints at the truss ends must be built to 
accommodate movements much greater than for temperature alone. Hence, 
it is not unlikely that for the longer suspension bridges a continuous truss 
introduces expansion difficulties that cannot be met reasonably. This problem 
becomes increasingly serious for multiple spans. A combination of a truss 
continuous through all towers and multiple-span construction is not probable. 
Multiple Spans.—The use of a multiple-span suspension bridge has been 
generally condemned by engineers on the grounds that such a structure would 
be too flexible. However, there are several possible means of increasing the 
rigidity, and some are sufficiently meritorious to bear serious consideration 


(a) The dead load of the structure may be increased to such an extent 
that the ratio of dead load to live load becomes larger and the effect of 


_ live load becomes small. This would be an uneconomical means of stiffening 


the bridge and is not worthy of further thought. 
_(b) The moment of. inertia (vertical) of the stiffening truss may be 
increased. Since the stiffness of the truss has such a relatively small effect 
on the deflections of a suspension bridge, it would be necessary to increase 
the moment of inertia by such an amount as, to make the economics of this — 
method extremely doubtful. yi 
(c) The sag ratio of the main supporting cable may be reduced. The 
stiffness is increased by this means approximately in proportion to the de- 
erease in sag, while the size of the cable must be increased at about the 
same rate. Thus, if it is desired to reduce the deflections by one-half, it” 
becomes necessary to double approximately the size of the cable. This is a 
method that may prove the most satisfactory for a given set of con-. 
ditions when economic, construction and all other phases: of the problem are 
considered. my) Mis 4 
(d) Some system of guys may be used to reduce the movement of the fowl | 
tops. An auxiliary “tie cable” running between. the tops of successive 
towers and extending from anchorage to anchorage is such a system. By 
varying the size and sag ratio of. this tie-cable the deflections of a multiple- | 
span bridge can be reduced effectively. Economically, this. will compare — 
favorably with any of the other methods. neta 
(e) Due to very heavy live loads or to other elements contributing to the ; 
flexibility of the structure, it may be, advisable to introduce cable anchorage — 
in an intermediate position. This essentially produces independent suspension 
bridges placed end to end. The west channel structure of the San Francisco- — 
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akland Bay Bridge has been so designed. The 900-ft unloaded back-stay, 
yeyond the west side span, together with a relatively heavy live load, made 
his type of construction advisable. 


? Incident to the investigation of various multiple-span suspension bridge 
éombinations for the west channel crossing of the San Francisco-Oakland 
ay Bridge, means were developed for the necessary calculations. These 
investigations resolved themselves into two quite distinct phases, the first of 
which was the preliminary work involving the determination of general 
dimensions, cable sizes, and distortions. This was followed by an exact 
analysis of the combination selected to determine moments and shears in the 
stiffening truss, and other items not obtainable during the first phase. 
General Dimensions, Cable Sizes, and Distortions—For this first phase 
of the work a modification of the Dana method” was developed. This device 
is only applicable for loadings that are entirely continuous over one or more 
spans. Since maximum tower and truss deflections and maximum cable 
‘stresses are produced by such loadings, these items can be readily obtained. 
The advantages of the method lie in its relative simplicity, its flexibility, 
and its accuracy. It involves no calculus. It can be readily made to accom- 
modate any changes in dimensions, loads, or other span constants, and it is 
particularly well adapted ‘to investigations of multiple spans, either with or 
‘without tie cables. Finally, it has been found by comparison with model 
tests to give more accurate values for deflections than those obtained by the 
“deflection theory.” The error in the latter theory is doubtless due largely 
to the neglect of the change in span lengths. 
Final Moments and Shears.—After the establishment of dimensions of the 
ridge, an exact analysis of the structure (the second phase) to determine 
‘the remaining items, was pursued. This investigation was based on equations 
‘similar in nature to those presented by Mr. Steinman, the only essential 
difference being in the treatment of the tie-cable factor. Equation (46) is 
‘based on the geometry of the cable. The writers, equated the internal work, 


ee oat oean wy die ee ) 
. Ary y3)( 2222 4 wth 
i ( 9 ae a Gare TT }» 


: to the external work, 


% I ne 
Te (yt Hs) Al. + wr fre 


The second term of this: expression represents the work accomplished in 

moving the dead load of the tie-cable (wr) up or down to its new location. 

The value of y at the center of the span is equal to the change in tie-cable 
sag, which is expressed as Afr. From the equation of the parabola, 


. wel 1 2.) ae wel Hy cect (60) 
o WA = — TO = eS et a ee ee > 
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Sah i Structural Models of Proposed San Francisco - Oakland Suspension 
esavee” Upbendtx B. Univ. of. California Publications in Engineering, Vol. 8, No. 2. 
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For any other point in the span, 7 may be expressed in terms of A fr, thus:: 


— 4Afe 2) | wnblr ee) uae (61) 
“ r 2 Ho (Ho + Hr) 


The expression for the external work then becomes, 


ie wp P He 
— +H Al — ———__——- ‘ 
( 2 :) 12 Hp (H. + Hr) 


. (Ar vg BAS Sir He Ae ote ae 62) | 
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2 
Rie Halon wt Lpg + ——SP2 Bone So's (63) 
ee 31 (Ho + Hz) (#. + 2) 


An equation for the main cable was then established in the same manner, 
The internal work, A, + ie) at; ) 
2 AE 
H 
- external work, (2 + Ht) Al+ (a + ite) Sf ndx. This gave,. 


PSs 


being equated to the 


1 
A ee tLe ond eee (64) 
_ E P oO 
which is the same as Equation (47) with the terms transposed and expressed 


iH oad: 


in the form, Al = 


The writers anticipated that it would be extremely difficult to solve a 
single equation for the various simultaneous values of H and H,;. Such a 
solution would require that these values be first assumed and then the 
assumptions tested by the equation. In view of this fact, a semi-graphical 
method’ for the determination of the simultaneous values of H and Hy was 
developed and used in lieu of an equation in the form given by Mr. Steinman 
(Equations (49) and (50)). 

This method may be explained best by considering a single span ont 
without reference to the remaining spans of the bridge. In Equation (63) 
there are only two variables for a given temperature condition. Hence, it is 
a simple matter to draw a curve expressing the relation between Al and Hy. 
In Equation (64) the relation between Al and H can be established for any 
given condition of live load and temperature, and a-curve drawn. It can be 
seen that a different curve must be drawn for the main cable for each load- 
ing condition. . ; 
. All curves for one span were drawn on the same-sheet. Values of AJ were 
expressed as abscissa and those of H and Hy as ordinates. Positive values” 
of H were measured up from the origin and of H; down: In this manner, 
a vertical scale could be placed on a given value of Al and the total H + HA 
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for the span determined by reading the intercept between the proper curves. 
Tf, on the other hand, a value of H + Hy was assumed, the corresponding 
value of Al could be determined by moving a vertical scale to a position 
_such that it measures an intercept equal to this assumed value of H + Hr. 
The horizontal distance of the scale from the origin measured the value of Al. 


Tower No. 3 
235.40 ft 
Tower No. 4 


Fic. 7.—GENERAL DIMENSIONS, MULTIPLE-SPAN SUSPENSION BRIDGE. _ 


An outline of the structure, with basic dimensions, is shown in Fig. he 
Other design data are: 
Cross-Section Areas, in Square Inches: 


Wain Cable ole 6g Sad ns oS bien he nee Hse ees cele Veveis 494 

Miscrica blots atts. ae there dep geeaere Hale ale Slats peices «f+ 150 
Moment of Inertia, in Inches’ Feet’: 

“i DSS Gas ee se Dobe lett WRN AIS aN cara a 57 500 
Loads, in Pounds per Foot: ; 

Dead load (excluding tie cable).....---+++++++++> 8 900 

Teadsload of tie: cable: . 7s)... ret tae ceo + De terse rs 530 

TEES: Rae cee ERS Pe a a aa 2 625 


Main Cable H (Millions of Pounds) 
Tie Cable Hp (Millions of Pounds) 


+2 
+2 (0) -2 -4 -6 -8 -10 
ol in Feet 
Fic. 8.—H-Curves ror SPAN 2, 3, on 4, Fic. 7 (TEMPERATURE 30 
DEGREES FAHRENHEIT Apovp NORMAL). 


In Fig. 8 a set of curves has been drawn for the main spans. These 
curves include those for the tie cable, and the main cable with no live load on 
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the structure, with live load covering 0.4 of the span, and with live load | 
covering the entire span. It should be realized that for a complete analysis 5 
several other curves for other conditions of live load and temperature would | 
be needed. It would also be necessary to extend some of the curves beyond | 
the limits now shown. In Fig. 9, curves for the side span cables are} 
presented, the main cable curve being for an unloaded condition. 


Main Cable H (Millions of Pounds) 


4l in Feet 


Fig. 9.—H-Curvus ror Span 1 or Span 5 (TEMPERATURE 30 DacrRErs 
. FAHRENHEIT ABOVH NORMAL). . 


> 
As an illustration of the use of the curves, assume that there is no live 
load on a main span and that a value of H + Hr is assumed as + 2000000 Ib. 
With a scale, an intercept-is measured between the tie-cable curve and thes 
main cable curve for no live load (Fig. 8) equal to this value of H + Ar 
and is found at A (Fig. 8), with the value of Al of + 1.75 ft. The respec-_ 
tive values of H and H, are found by measuring the ordinate to each of the 
curves at this point. In this case, H is found to be + 300000 Ib and ca 
+ 1700000 Ib. ; 
If a live load covering 0.4 of the span is present, the intercept is pamee | 
between the tie-cable curve and the main cable curve for this loading. A . 
value of H + Hy of + 2000 000 Ib is located at B (Fig. 8), and Al is found 
to be + 0.03 ft. H is then + 2460000 Ib and Hp, —:460 000 Tb. : 


A set of curves was drawn for each different span. 
ditions with a symmetrical layout,- this 
and another for side spans. 


The determination ‘of ‘the several values of H and H, in the various — 


spans was a matter of “cut and try.” <A value of H + Hy was assumed 
and the corresponding values of AJ for each span were determined from the 
curves, as explained. The value of ¥ Al was then determined for this value 


For the usual con- 
requires only one set for main spans 
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of H + Hy, and if it was not equal to zero another value of H + Hr was 


tried. It was found expedient to solve 3 Al for about four assumed values 
of H + H, and by means.of the plotted relation between the two to determine 
the satisfying value for SAl = 0. With the proper value of H + Hr 


_ determined, the value of H and H, for each span.was readily. ascertained 


from the curves. 
Tt is not difficult to introduce the difference in the total horizontal cable 


pull between’ spans due to: the resistance of the towers to’ bending, but 


normally this can be neglected. Certainly this. item will have only a minor 
effect on truss moments, since the latter are not appreciably affected by 
variations in H of as much:as 10 per cent. 

Strictly speaking, this method is not applicable in the case of a bridge 
with a continuous stiffening truss. However, it appears that, except in the 


ease of short spans with a relatively stiff truss, the effect of continuity may 


be neglected without introducing serious errors when calculating H-values. 
The latter could then be used in Equations (9) and (10) to determine 
moments and shears in the truss. Values of the integration constants must 
include the continuity factors. 

It is significant that a set of curves such as Figs: 8 and 9 can also be 
used to analyze a bridge without tie cables. and of any number of spans. 
The method could be used readily in conjunction with a structure of the 
usual type consisting of a single main span. 

Practical Considerations. — There. are certain difficulties presented. by 
multiple-span suspension bridges with tie cables that should be emphasized. 
Of first importance is the necessity for providing adequate anchorage 


between the main and the auxiliary eables.at all tower tops. This provision 


‘is imperative, since there is a transfer of load from one to the other which 
‘runs into millions of pounds on a major structure. The solution of this 


problem is not impossible, but it is difficult. If the cables are continuous 


over the towers, some highly effective clamping action must be developed. 
Discontinuous cables of socketed. bridge strands may offer a solution. 

It is not difficult to proportion this type of structure so that the vertical 
«deflections of the trusses are relatively small; but it. is somewhat of a 


problem to keep the bending of the towers toward the center of the crossing 


within reasonable limits. These towers must be strengthened adequately to 
perform this additional duty. The possibility of hinged towers presents itself, 
and under favorable conditions, may be the answer. 

Several new construction problems would certainly present themselves, 
but doubtless the ingenuity of American erectors would be fully equal to 


the occasion. 
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SAND MIXTURES AND SAND MOVEMENT 
IN FLUVIAL MODELS 


Discussion 


By Messrs. JOHN LEIGHLY, PAUL W. ‘THOMPSON, 
AND GERARD H. MATTHES 


Joun Leicuty,” Esg. (by letter)**—The experimental data and other evi- 
dence presented in this paper serve to establish beyond a reasonable doubt the 
constancy of critical tractive force for a given sand mixture. The author’s use 
of the du Boys equation in computing tractive force is a great improvement 
over procedures based on a supposed “bed velocity,” and he deserves credit 
for again setting that venerable equation in a place of honor. Unfortunately, 
‘his experiments do not provide the definitive empirical critique of the equation 
that one would like to see. A possible objection to his method of computing 
tractive force is that he has used depth rather than hydraulic radius as a 
measure of the mass of water acting on a unit of bed area. In proceeding 
thus, however, he was evidently justified by the conditions of his experiments, _ 
in which the water had ratios of width to depth between 15:1 and 40:1. 
Recomputation of the critical tractive force in his observations, using 
hydraulic radius instead of depth, yields results that do not differ materially 
from his conclusions. 7 

The ultimate result of Captain Kramer’s investigation, and the one to be 
subjected to the closest scrutiny, is the final equation, which aims to express | 
the mobility of a sand mixture in terms of its mechanical composition. 
Further work, both experimental and theoretical, must be done before al 
definitive formulation of this important relation may be had. The author’s | 
solution is ingenious; to gain practical ends, Gordian knots must be cut; and 
in the present instance some quality of the gradation curve is clearly the 
appropriate weapon. In testing the validity of his equation, Captain Kramer 
has had to use inhomogeneous data; but lack of homogeneity alone will not — 
account for the wide scattering of plotted points in Fig. 14. It is worth 
while to examine the predicates of his final equation. 


NoTn.—The paper by Hans Kramer, Assoc. M. Am. Soe, C. E., bli 
1934, Proceedings. This discussion is printed in Proceedings Onde ee ee 


in i 
expressed may be brought before all members for further discussion. ee 
8 Asst. Prof. of Geography, Univ. of California, Berkeley, Calif. 
*sa Received by the Secretary May 25, 1934. 
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The distinctive term, i in this equation, is the ratio, 44: As, between the 


areas of the upper and lower divisions of that part of the field of co-ordinates 


that lies between the axis of ordinates and the cumulative gradation curve 


in Fig. 12. This ratio is used as a coefficient to the mean particle diameter 
of a sand, as a measure of the range of size of particle. The precise signifi- 
cance of the numerical, value of the coefficient in any given instance is not 
at all immediately evident. Readers of this paper would be grateful for a 
description, supported by the citation of a large number of gradation curves, 
of just what, the ratio proves as to the grain distribution of any sand. The 
following statements do not aim to provide such a discussion, but only to 
show the effect of applying the ratio to the results of the experimental 
measurements cited by the author. 

Range of grain size is not always, as he implies under “3.—The Ultimate 
Equation (10),” the primary factor that determines the numerical value of 


“the coefficient, 44: 4s. If one considers gradation curves which (when 


plotted as are those in Fig. 13) appear as straight lines with their lower 
extremities at the origin of co-ordinates, the ratio, Aa: As, regardless of range 
of grain diameter, will always equal 3. The qualities measured by the de- 
parture of the numerical value of the ratio from 3 (in curves of a given 
range such that their lower extremities are at or near zero of the axis of 
abscissas) are those that affect the slope of the gradation curve in the several 
parts of the range: Concentration of grains in the vicinity of a modal 
diameter; and the location of the modal diameter within the range. The 
closer the modal diameter lies to the lower extremity of the range, and 


the greater the concentration of grains about thé mode, the higher the value 


of A,: Az, and thus, by Captain Kramer’s equation, the less the mobility of 
the sand. That proposition is doubtless worthy of discussion, but the ex- 
perimental data scarcely suffice to prove or. to disprove it. The important fact 
—a purely geometric one—to be noted is that with the same range of grain 
size from zero (or very nearly zero) upward, it is possible for the ratio to 
have any one of a large number of values ranging upward from slightly more 
than 1, depending in any particular sand on the modal diameter and on 
the deviations of the diameters of the component grains from the mode. The 
large possible range of numerical values of the ratio, and the uncertainty of 
the significance of its variations, make it a dangerous element in any equation 
designed to express mobility. The danger is always present that it may 
modify too strongly the essential term of any such equation, the mean diameter. 

A second influence exerted on the numerical value of the ratio, A. sAly; 
that is independent of range of grain size, may be seen by comparing the 
gradation curves the lower extremities of which are near zero diameter with 
those of sands the fine constituents of which have been naturally or artifici- 
ally removed. The values of the ratio in curves, B to H and § to V, in Fig. 
13, are determined not so much by the range of grain diameter as by the 
scalar value of the diameter of the smallest particle in each sand. If a 


; | Bias. | 
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gradation curve having the slope of Curve 7 in the diagram be thought of as 
having a range of diameter from zero to 1.25 mm, the ratio, 44: A,, will 
have the numerical value, 8. Let the curve now move in the field of co- 
f ordinates from left to right, the range remaining constant; as the mean 
diameter, and, with it, the maximum and minimum diameters, increase, the 

value of the ratio decreases and approaches 1. That is to imply that range 
r of diameter is important when the smallest grains are very small, but as 
they become larger the significance of range decreases. That, again, is a, 
proposition that can be discussed, but that rests on shaky evidence. 

The objections urged in the foregoing two paragraphs may appear hypo- 
thetical; but the experimental data which the author cites show plainly that 
: the use of his ratio actually distorts the fundamental relation obtaining be- 
tween coarseness of sand and critical tractive force. For example: The mean 
diameters of the sands represented in Fig. 13 by the curves, J and L, are not 
t greatly different; their ratio is about 1:1.1. The experimentally determined 
ie critical tractive forces of the two sands have a ratio of about 1:1.3. The 
© quantities tabulated in Table 3, Column (14), however, that are intended to 
be proportional to critical tractive force, have a ratio of 1:31 for the two - 
sands. ‘This discrepancy is not the result of difference in range of diameter 
of particle. The ratio, A,: Az, has, for Curve J, a value of nearly 1.3 and 
for Curve L, 3.6; but if Curve J were moved to the left in the diagram until 
the finest constituents of the sand it represents became as fine as the finest in 
Sand L, the’ ratio would be 3, thus being nearly as great as for Curve EG 
although the range would be less than one-half that of Curve LZ. If the range 
of Curve J were then increased, the ratio would remain constant at 3, as_ 
long as the finest constituent particles had diameters of nearly zero. When 
Curve J assumed the same range as Curve ZL, the ratio would still be only five- : 
sixths of the ratio for Curve LZ. As matters stand in Fig. 13, the diameter — 
of the finest constituents of Sand J, not its total range of diameter, is what : 
determines the numerical value given by evaluating Captain Kramer’s final 
equation, and gives rise to the discrepancy between the computed indices of 
the critical tractive forces in Sands J and [. Evaluation of the equation — 
without the ratio, or even naive judgment, on the simple basis of relative | 

| 


oe 
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coarseness, would give results closer to the experimental determinations of 
_ critical tractive force than the full equation. 

Comparison of the places occupied by Sands C, K, and U in Fig. 14 pro- 
vides further adverse evidence; the ratio, A,: A;, gives to these three sands 
nearly the same index of critical tractive force, although Sands C and U are 
much coarser than Sand K and although the experimental data show that 
Sands C and U, as again would be expected from naive consideration of their 
coarseness as compared with that of Sand K , are far more resistant to traction 
than Sand K. The ratio separates sands that belong together, and brings 
together sands that differ widely when judged according to the primary 
ceriterion—mean diameter. 

Finally, if the values of A in Column (10) Table 8, proportional to the 
mean diameters of the several sands, are plotted against the experimentally 


August, 1984 THOMPSON ON SAND MOVEMENT IN FLUVIAL MODELS 905 


measured critical tractive forces of Column (3), the correlation, particularly 
for the coarser sands, is much better than that shown in Fig. 14; and the 
evidence of the coarser sands should be given more weight than that of 


the finer ones, since with them the errors of observation do not weigh so 


heavily in the results of computation. 

Tt is altogether probable that an ideal equation expressing critical tractive 
force as a function of mechanical composition of sands would contain terms 
representing qualities other than mean. diameter. Certainly, however, the 
derivation of these terms must begin from the variations seen in the results 
of experiment when mean diameter is held constant or is eliminated by com- 
putation, while range of grain size, modal diameter, and dispersion of grains 
through the range of diameter are varied. Furthermore, the term or terms 


included, in order to correct for these minor traits of mechanical composition, 


will be small as compared with the numerical expression of coarseness, which 


must remain the fundamental term in any such equation. 


Paut W. Tompson,” Jun. Am. Soc. OC. E. (by letter).* — Among the 
important yet-to-be-solyed problems that confront the small-scale-model experi- 
mentalist is that of simulating movement of stream-bed materials. In 
developing a practicable technique for the attack of this problem, Captain 
Kramer has performed a service valuable to the science of hydraulic model 
experimentation. That much of immediate. value has resulted from the 
author’s work is evidenced by the fact that his methods and reasoning are 
now being applied and extended in several of the leading laboratories of the - 
United States. However, so difficult and complex:is the problem of simulat- 
ing the movement of stream-bed materials that despite the author’s. work the 
problem still seems all but impossible of solution. So, much remains to be 
known that by comparison almost nothing is known. _ 

Consider the actual bearing which the author’s studies, have on the 
problem of simulating movement of stream-bed materials., His experiments 
have to do with determining the critical tractive forces for certain sands 
and with analyzing these data to develop a formula for determining critical 
tractive forces for these and other sands. The “geschiebe” movement. limit, 
quoted by the author, requires that bed-load movement begin and’ end in the 


* model at stages corresponding to those for like conditions in, Nature. If 


bed movement in the model is to be similar to that in Nature, the definition 
of this limit should be revised to require that, at all stages, bed-load move- 
ment in the model be similar to what it is at corresponding’ stages in Nature. 
To satisfy the limit as thus stated necessitates that cognizance be taken not 
of relative critical tractive forces, but of relative rates of movement. of the 
bed loads. The distinction between critical tractive force and rate of move- 
ment is brought out by the author’s definitions, enunciated in the case of 
critical tractive force, but implied only in the case of rate of movement. 


2Second Lieut., Corps of Engrs., U. S. Army, Omaha, Nebr. 
200 Received by the Secretary, June 18, 1984. 
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Thus, critical tractive force is that lowest value of slope x depth x unit 
weight of water which results in general movement of the sand in question; 
rate of movement is simply the total quantity of bed load moved through 
any’ cross-section per unit of time. 

The important point to be noted is that the relations existing between the 
critical tractive forces of given sands are not the same as those existing 
between the rates of.movement of those sands. This fact is demonstrated 
by data derived from experiments conducted at the U. S. Waterways Experi- 
ment Station. In another connection, Lieut. K. D. Nichols has given a table 
of the critical tractive forces for four sands studied in these experiments and 
a set of curves showing the rates at which the same sands move under vary- 
ing tractive forces.” Although the critical tractive force for Sand C of the 
curves cited is about three times that for Sand B, the rate of movement for 
Sand C is much greater than for Sand B in most of the cases shown. The 
opposite of this fact is indicated for Sands B and A. If the curves for 
Sands B and C were continued to the left, they would cross; perhaps if they 
were continued to the right, they would cross again; and, in any event, it 
must be concluded that the relations between the critical tractive forces 
of these sands in no way defines the relations between the rates of movement of 


the sands. If only data concerning critical tractive forces are known, it is” 


not warrantable to draw therefrom conclusions regarding rates of movement. 
of the sands in question. Therefore, data concerning critical tractive forces 
throw little light on the matter of the “geschiebe’ movement limit in the 
case where this limit is stated so as to give it practical bearing on the problem 
of the simulation of movement of stream-bed materials, 

The writer does not intend to convey the impression that, given data 


secured through flume tests on rates of movement of the sands in question, | 


it follows that simulation of bed movement may be obtained. Too many other 
factors are present to complicate this problem. Until the movement of débris 


by natural streams is understood thoroughly, it will obviously be impossible 


to simulate such movement. 


' The law of the constant critical tractive force (the truth of which is 


essential to most of the “practical applications” listed by the author) is cer- 
tainly true for the sands investigated through the ranges of values investigated. 
However, it is doubtful whether this law remains true for slopes and depths 
of the order of those in Nature. It is difficult to believe that a given’ 
depth-times slope in a model stream which has a value for Reynolds number 
of, say, 10000, will move the same limiting mixture of sand as a natural 


stream that has the same depth-times slope, but which has a value of Reynolds 


number of, say, 1000000. Still more difficult is it to believe that the rate 
of movement of a sand would be the same under the conditions cited. 
Movability depends, quantitatively, on the type of movement, With a low 
value of Reynolds number, saltation would probably be relatively less 
important than with a high value of the number, and the rate of movement of 
the sand would certainly be affected thereby. It may be noted that divergencies 


% Proceedings, Am. Soc. C. E., February, 1934, p. 280, Table 4 and Fig. 6. 
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in the value of Reynolds numbers of the order noted herein actually occur 
between model and Nature in most cases. This fact is evidenced by a con- 
sideration of the data in Lieut. Nichols’ Table 4, previously cited. 

The conclusions stated under “1.—The Concurrence Limit” must be ques- 
‘tioned. It is stated therein that in river models using sand beds both gravity 
‘and friction exert determining influences on the phenomena of flow. It is 
‘stated that this fact is responsible for the acceptance, qualitatively but not 
quantitatively, of data secured from a movable bed model. The friction 
referred to in this limit is the internal friction due to the viscosity of the 
fluid, while the gravity referred to is the familiar force, g x weght. It is 
not apparent how the presence of a movable bed in a model would act to 
inerease the importance of the frictional force over the force of gravity. 
‘As far as the relative importance of the frictional and gravity forces goes, 
open-channel models with fixed beds certainly enjoy no advantage over those 
with movable beds. However, a “concurrence limit” that does operate to 
forestall the acceptance quantitatively of data from a movable bed model 
derives from the fact that quantitative movability of sand defies simulation. 

It must be emphasized that Captain Kramer’s work is of far-reaching 
value. He has blazed a trail into fields which heretofore most experimentalists 
have feared to tread. His success in arriving at ertain rational conclusions 
has encouraged other experimentalists to undertake the difficult problem of 
the simulation of the movement of stream-bed materials. Whether or not 
this problem is ever solved, Captain Kramer will be entitled to rank high 
among the pioneers who have advanced the science of hydraulic model experi- 
_ mentation in the United States. 


Gerarp H. Marrues,* M. Am. Soc. C. E. (by letter).”*°—The relation 
between the movement of the sedimentary load and the tractive force of 
- flowing water is clearly shown in this paper. It should be illuminating to 

those members of the profession who are still struggling with the complex 
relations between transportation of sediment and current velocity. The 
tractive-force formula omits velocity from consideration and is of a simplicity 
that merits the attention of all engineers concerned with practical river 
problems. It applies as much to living streams as it does to laboratory models. 

The opposing effects on bed-load movability of grain size and void ratio 

have always been difficult to visualize. The author’s approach to ascertain 
these effects by following the method used by Hummel” in determining the 
strength of concrete from sieve analysis of the aggregate is ingenious and 
promising. It is hoped ‘that this method will be further developed by experi- 
ments on other sand mixtures to the end that the constant in Equation (10) 
may be determined definitely. 
Ag pointed out by Captain Kramer, his laboratory determinations of bed- 
oad movement can be applied advantageously to actual river problems. In 


. 81 Prin. Engr., Office of Pres., Mississippi River Comm., Vicksburg, Miss. 
31¢ Received by the Secretary June 27, 1934. 


27 “Die Auswertung von Siebanalysen und der Abram’sche Feinheitsmodul,” von ) 
A. Hummel, Zement, No, 15, 1980. A 
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: 
1933, the writer undertook to apply the knowledge gained from the research 
work done in the field of tractive force by the author and others, together 
with the experimental work at the U. S. Waterways Experiment Station, to 
Mississippi River problems. The progress thus made in connection with 
important dredging operations is extemely encouraging, and has demonstrated 
that, in practice, the slope-depth relation is more satisfactory than any velocity 
formula. The relation is simple and is not concerned with either time,, 
velocity, or friction factors, being merely a function of mass and gravity.. 
It does not show how much or how fast bed-load materials are moved, butt 
indicates what conditions must exist to keep particles of any given weight} 
and size in motion. It makes clear that a deep river having a light gradient : 
may exert as much tractive force along its bed as a shallow river on a steeper ' 
slope, regardless of the velocities in either one. Tractive force may be pic-- 
tured, non-technically, as the forward sweeping force exerted along the river ' 
bottom by the weight of an imaginary column of water (in height equal to) 
the depth of the river), in its movement down stream. This movement is} 
caused by the fall of the river as indicated by its surface slope, and is inde- - 
pendent of local inequalities in the river bed. The latter merely serve to: 
shorten or to lengthen the column of water from point to point down stream. 
It will be seen that tractive force necessarily varies from point to point in 
any one cross-section and also from point to point down stream. 
The writer has found it convenient to use the following method for derive 
ing the du Boys formula, the notations being the same as those used by the 
author, but with English measures instead of metric. Referring to Fig. 15, 


: 
Water Surface 
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let T’ = the tractive force, in pounds per square foot, of river bed; d = thee | 
depth, in feet, equal to the height of a column of water, 1 sq ft in cross- 
section; g = the weight, in pounds, of 1 cu ft. of water; S = the water 


n 
surface slope = = ; a = the angle of slope; and g = the acceleration due t 


‘ gravity, in feet per second. 
. 
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Proceeding from the basic expression; Tractive foree = mass X accelera- 
weight pd 


tion; mass = = ; and, acceleration down an inclined plane 
g g 

-=gsna=g—= 9 S. Substituting these values, gives the author’s 
m 


Equation (3). It will be seen that g is canceled, thus eliminating all that 
relates to velocity and time. 

The fact that neither the du Boys formula nor the Kramer formula affords 
any measure of the rate at which bed material is moved is no limitation to 
their utilization. In practice, it is seldom important to know how much bed 
load moves along the river bottom in a given time. The important question 
is under what conditions movement takes place and, conversely, when move- 


_ ment ceases. After all, the quantity of material of any given kind transported 


by a natural stream depends on many conditions wholly independent of the 
available energy for moving such material. This is true of the suspended 
load as well as of the bed load. 

As stated in the paper, flume analysis of the bed-load materials of a 


stream, whether made in a hydraulic laboratory or in an improvised flume 


at the project site, will enable an engineer to determine the behavoir of these 
materials in the stream itself for the prevailing combinations of water sur- 
face slope and depth. This enables him to compute readily what minimum 
depth must be maintained for any given slope, in order that the channel may 
develop sufficient kinetic energy in the form of tractive effort to transport 
the heaviest as well as the lightest materials composing the bed load, and 
thus to prevent shoaling. In its simplest form, the problem, in practice, 
usually relates to discovering why a river persists in building bars in a 
particular locality at certain stages, and what should be done to correct this 


condition. 


A study of prevailing slopes and depths, the tractive force values cor- 


responding thereto, and the critical tractive force required to move the various 


types of bed-load materials, affords the most direct manner of attacking such 
a problem. In the case of the Lower Mississippi River, such a study has led 
to the tentative adoption of a value of 0.25) Ib per sq ft of river-bed surface 
as the critical tractive force, To, necessary for imparting motion to the entire 
range of materials predominatingly found on the bed of the river, up to and _ 
including loose sub-angular gravel 1 in. in longest diameter, with a specific 


gravity of 2.65. This value of T.. is predicated on tractive force experiments 


conducted in a tilting flume at the U. §. Waterways Experiment Station. 
Table 4 gives combinations of depths and slopes that provide a tractive force 
equivalent to 0.25 Ib, per sq ft. Column (1) refers to the actual depth 
at the point of measurement and not to the average depth or hydraulic radius. 

In other words, any reach in the Lower , Mississippi River the combina- 


- tions of depth and slope of which equal or exceed those in Table 4, according 


to the du Boys formula, should be free from shoaling. The conditions 
actually found to exist in this river appear to confirm this claim. In the 
course of the study, extensive sampling of the materials composing the river 
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bed and of the materials moving by traction was undertaken. Much head- - 
way has been made in securing representative samples but, so far, quantitative 
determination of the amount of bed load in motion, under any given condi- 
tions, has met with little success. While much remains to be done toward | 
determining a rational practice on which to predicate plans for channel 
improvements by this method, the results obtained to date, in general, are 
satisfactory and appear to confirm the soundness of the slope-depth principle. 


TABLE 4.—Deprus anp Stopes Necessary to Proving a Tractive Force or 
0.25 Pounp PER Square Foor. 


Depth, in feet Fall, in feet Slope, S, in Depth, Fall, in feet Slope, S, in 
per mile feet per foot in feet per mile feet per foot. 
(1) (2) (3 (1) (2) (3) 
2D Si Gass Pola Ete 0.84 0.00016 100 0.21 0.00004 
BOS cae ne ee 0.42 0.00008 125 Osi7 0.000032 
{OSP s A aA tele tee Oa 0.28 0.000053 150 0.14 0.000027 


te ed ee eee 


The statement by the author to the effect that tractive force applies only 
to mobile materials, cannot be over-emphasized. Any sedimentary materials 
that have been submerged long enough to have become compacted, are not 
readily moved by traction. This is especially true in the streams of the 
eastern half of the United States where compaction is an important factor, 
and less so in the streams of the Arid West the beds of which, by reason of 
being dry many months each year, suffer little compaction. Kinetic energy 
in forms other than tractive force are required to tear loose compacted 
sedimentary materials and set them in motion again, whether by traction 
or in suspended form. Tractive force, therefore, is not synonymous with all 
forms of erosive energy. However, it is erosive in its action as regards 
deposits of uncompacted, that is, mobile materials. 

It seems incredible that the simple relation between tractive force and 
slope and depth, should have remained obscure for so long a period, consider-_ 
ing that it has been known since 1786. Why so much time and effort have 
been devoted in trying to link sediment movement with velocity finds its 
answer in psychology. The forces at work in a natural stream carrying sedi- 
ment, are not readily analyzed, as the water is too turbid to permit of making 
eye observations below the surface. The human eye, looking down upon 
the water surface, is powerless to see such a stream at work along its bottom — 
and banks, the only places where physical changes are wrought; but it is | 
ever beguiled by the ceaseless motion at its surface. This surface motion, © 
both as to velocity and direction, affords no reliable index as to what is going 
on below the surface (which is all the eye can see). Nothing has been 
more natural than for Man, through the ages, to try to link all that takes 
place under a stream surface with the motion visible at the surface, and 
failing in this, to link it with motion measurable by him somewhere within 
the liquid prism. 


In the last analysis, the movement of water, including that of its sedi- — 


mentary load, is a matter of mass and energy. Velocity is not a foree—it 
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is not even a good measure of it in the case of flowing water. For this reason 
it has served as a poor approach to discovering the laws of sediment trans- 
‘portation and deposition. A century and a half of experimentation and 
research in transportation of débris by running water, in which have par- 
ticipated some of the foremost hydraulic engineers and scientists of the 
world, has yielded only one definite answer, namely, that there is no simple 
or direct relation between the velocity in a stream at any point in its cross- 
section and the movement of its sedimentary load, whether this movement is 
in suspended form or whether it is sliding, rolling, or saltation. The mathe- 
matical relations that have been evolved, whatever scientific merit they may 
possess, are entirely too cumbersome for use in every-day river engineering 
problems. Formulas in which bottom velocity is used as the criterion for bed- 
load movement appear promising, but so far have found little application 
because the river engineer, in practice, is never in a position to determine 
_ bottom velocities and directions of bottom currents quickly or with any degree 
of reliability. There is no part of any vertical velocity curve that is more 
‘difficult of determination than the bottom part, and this is true in a river 
ag well as in a laboratory flume. By contrast, the tractive-force formula has 
been found exceptionally convenient for practical use. Water-surface slopes 
may be read from a suitable profile and need be approximate only, while 
depths may be obtained quickly with a sounding lead to the nearest foot. A 
simple tabulation such as Table 4, or a diagram, save computation, but even in 
the absence of such facilities, the computation is readily made in the field. 
The paper is fittingly dedicated to the memory of the late Mr. John R. 
_ Freeman. From his association with Mr. Freeman in his earnest endeavors to 
foster hydraulic laboratory practice in the United States, the writer is moved 
to exclaim: Would that Mr. Freeman could have lived to have seen the fruits 
- of his labors as exemplified by this paper and by the work done at the U. 8S. 
ie Waterways Experiment Station during the two years, 1933 and 1934. 
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LABORATORY TESTS OF MULTIPLE-SPAN 
REINFORCED CONCRETE ARCH BRIDGES 


Discussion 


By C. B. MCCULLOUGH, M. Am. Soc. C. E. 


C. B. MoCuttovcn,‘ M. Am. Soo. CO. E. (by letter)““—This presentation of 
laboratory tests of multiple-span reinforced concrete arch bridges is not only 
logical and coherent, but also gives-evidence of an extraordinary degree of 
care and precision throughout the research. The section entitled “Description 
of Specimens and Apparatus,” which deals with testing apparatus and equip- 
ment, has a value that extends beyond the scope of these particular tests, 
pointing the way to methods for further experimentation along the line of 
stress distribution in structures that are highly indeterminate and complex. A 
The method for simulating or reproducing foundation fixity at various pier 
heights is especially ingenious. A similar comment may also be made in 
reference to the method of measuring rotations. 

The scope of the investigation includes three phases of structural analysis 
concerning which there appears to be a dearth of published data: (1) An 
experimental verification of the elastic theory as applied to multi-span arches; q 
(2) a determination of the approximate degree to which a variation in the 
elastic properties of the materials (or a variation in elastic constants due to 
any other condition) operates to modify stress distribution and to introduce 
error in the analysis; and (8), the effect of superstructure restraint and a 
study of the function of expansion joints. All these are questions that have | 
appeared for some time to merit further investigation and study, and the 
results of Professor Wilson’s researches furnish data which hitherto have _ 
been needed badly by every engineer dealing with the design of this struc- % 
tural type. 


The influence lines indicated in Fig. 8 check the elastic theory with a 


‘ 


a ele 


OF he 


‘degree of accuracy that is reassuring, and the two methods, one based upon 


pier-top displacements and the other on measured reactions, also check in a : 


NOTE.—The paper by Wilbur M. Wilson, M. Am. Soe. C. E., was resented at th 
Joint Meeting of the Structural Division, Am. Soc. C. E., and the ‘Applied Mech auton 
Division, Am. Soc. M. B., Chicago, Il., June 29, 1933, and was published in April, 1934, 
Proceedings. This discussion is printed in Proceedings in order that the views expressed 
may be brought before all members for further discussion. 

* Bridge Engr., State Highway Dept., Salem, Ore. 

*e Received by the Secretary August 19, 1933. 
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satisfying manner. The same comment may be made in reference to Figs. 
9 and 10 wherein influence lines have been developed by five different methods. 

The analysis of a multi-span arch series, utilizing experimentally de- 
termined elastic constants, appears to present far-reaching possibilities. 
“Professor Wilson refers to a method developed under his supervision by 
Donald E. Larson, Jun. Am. Soc. C. E.,° in 1930, but does not go into this 
question in any great detail. The importance of this phase of the research 
merits more consideration. It is to be hoped that in closing his paper 
Professor Wilson will find it possible to present this matter more completely. 

The entire research appears to be grouped about two major inquiries—the 
first having to do with the effect of elastic piers in multi-span arch construc- 
tion, and the second pertaining to the influence of the deck and spandrel 
structure. 

In reference to the former (the effect of elastic piers of varying heights), 
an inspection of Figs. 13 and 14 discloses the fact that the general effect 
of increasing the height of elastic piers is to reduce the horizontal thrust, 
to reduce moments at or near the pier skewbacks, and to increase stress 
near the center of the span. In this connection an analysis was made 
in the writer’s office a few years ago embracing a three-span arch structure 
on elastic piers. Because of the certain location studies involved, and as a 
matter of general interest, analyses were made of three designs, each com- 
- prising a series of three 150-ft arches and differing only in the matter of pier 
heights. Design No. 1 involved a pier height of 45.8 ft; Design No. 2, a 
pier height of 15.8 ft, and Design No. 3, a pier height of 95.8 EY ir 

The influence lines for the moment and thrust at three points on Span 1, 
for each of these three designs, are plotted in Fig 20. These influence lines 
naturally exhibit the same tendencies as those noted in Professor Wilson’s 
paper; that is, an increase in pier flexibility is accompanied by a decrease in 
thrust, a decrease in skewback moment at the pier, and a general increase 
in stress throughout the region adjacent to the crown. Tt is of interest, how- 
ever, to note the marked effect of loads in adjacent spans, especially for the 

two designs involving relatively high piers. Professor Wilson’s researches 
indicate an increase in stress as pier heights are increased, amounting to 18% 
for the three-span series on 90-ft piers, when compared with a single span 
of like dimension having fixed ends. When the effect of the deck and spandrel 
structure is taken into consideration this increase amounts to 17 per cent. A 
study of the influence lines given in Fig. 20 indicates that a stress increase 
considerably greater than the foregoing may be expected if the effect of load- 
ing in adjacent spans is considered; and, while this fact need cause no 
serious concern in view of the improbability of simultaneous loading in all 
spans of a series in such position as to cause maximum stress, such a condi- 
tion should always be investigated, especially for extreme pier heights. 

The second phase of Professor Wilson’s paper has to do with the effect 
of the supported deck and spandrel structure on arch rib strains and stresses. 

8A Study of Multiple-Span Arches:” A Thesis submitted in partial fulfillment of 


the requirements for the degree of Master of Science in Civil Engineering in the Graduate 
School of the Univ. of Illinois, 1930. 


it 


r 


= 


eA Patan Me eee eee es 


eo gt AME er 5 ie eS 


Moment in Foot-Pounds 


Point 10. Design 1 
8 
“ 
no] 
= 
is 
So 
a. 
ro) 
ae 
.=) 
= 
a 
E 
rie 
ska 
Ay eshte 
12 \ f- ee . 
(| SY ceet’sprinaing OF ARCH a1 POINT 10) ie Picfisht [ea | 
= 
4 
ie Design 1 a 
109 
8 Intermediate Low Piers 4 
‘ i q : 
bs, High Piers] 0,8 1 
3 ' 
24 
é 0.6 
ro) 
2 o = ee 
= 
5 0. 
5 ——— Design 1 x 
5 4 —— Design 2 
a 77-7777 Design 3 
iy, : 
ACs 
12 G OF ARCH] Al ( 
‘10 16 18 


914 MO CULLOUGH ON TESTS OF MULTIPLE-SPAN ARCH BRIDGES Discussions | 


In general, his researches disclose a reduction in horizontal thrust and in 
bending moment at the springing as a result of the placement of an integrally 
supported spandrel structure. When expansion joints are inserted in the deck, 
the same tendencies are exhibited, but to a much less degree. In this con- 
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nection, certain observations in reference to the effect upon arch rib strains 
of a spandrel structure and deck, even with the utmost degree of articulation 
possible, were made by the writer in connection with the operation of decenter- 
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ing the Rogue River Bridge, in Southern Oregon, in 1932. A full report of a 


co-operative research on this subject has been published for limited dis- 
tribution by the U. S. Bureau of Public Roads and the Oregon State Highway 
Commission.° 

This bridge was constructed after the Freyssinet system’ which, as applied 
in this case, consists in the complete severance of the arch rib at the crown, 
and the introduction at the severed section of a system of hydraulic jacks by 
which the arch may be raised from its falsework support and adjusted to any 
predetermined elastic state. The arch thus handled is converted into two 
statically determinate cantilever segments, which render it possible to study 
stress distribution under varying conditions with a considerable degree of 


~ accuracy. 


The articulation thus attempted’ was about as thorough as can ordinarily 
be achieved under construction conditions. In other words, the degree of 
restraint exercised by the spandrel structure was apparently reduced to as 
nearly a minimum as is consistent with construction practice. Nevertheless, 
the observed crown movement was less than one-third of the theoretical for an 
unrestrained rib. For example, at a total crown-thrust value of 840000 1b, 
the computed crown spread for an unrestrained rib amounts to 1.60 in. as 
against an average observed value of slightly less than 0.50 in. 

In connection with the decentering operations, and as part of a general 
research program inaugurated in connection therewith, electric telemeters of 
the McCollom-Peters cartridge type* were installed, at the extrados and the 
intrados, at five points along the axis of the arch rib, these telemeters being 
located at each springing, at each quarter-point, and at or near the crown. 
The telemeter forces, before decentering pressures had been reached, were 
found to be much less than the applied or jacking force, indicating that dur- 
ing this stage of the operation a considerable part of the horizontal thrust 
was being taken by the centering; however, the observations indicated that 
after the theoretical decentering thrust had been reached, the rib was carry- 


' ing the full horizontal thrust at the crown section. This is exactly as it 


should be since the supported spandrel structure could have no effect on 
crown stress. 

Table 5 indicates the percentage of theoretical thrust observed from the 
telemeters at the various skewbacks and also at the various quarter-points for 
the second runs. An inspection of these data discloses the fact that the 
quarter-point stresses are quite uniform. In each case about 75% of 
the theoretical thrust is being carried by the arch rib proper while 25% is 
being carried by the superstructure. At the skewbacks the conditions are 
quite different, the percentage of theoretical thrust carried by the arch rib 
proper varying from 48 to 81. The variation in skewback thrusts points 
strongly to the fact that the sliding joints over the pier columns did not 


5 “Application of Freyssinet Method of Concrete Arch Construction,” by A. L. Gemeny 
and C. B. McCullough, M. Am. Soe. C. E., Technical Bulletin No. 2, Oregon State High- 
way Comm., 1933. 

6 Civil Engineering, February, 1932, p. 91. 

1 Proceedings, Am. Concrete Inst., October, 1932, p. 57. 

8A New Hlectric Telemeter,” by Burton _McCollom and O. S. Peters, Technologic 
Paper No. 247, National Bureau of Standards, U. S. Dept. of Commerce. 
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TABLE 5.—PeErcentace or THEORETICAL THRUST OBSERVED FROM TELEMETERS 3 
- 

(Horizontat Jackine Force, 1000 000 Pounps). 


Percentage at | Percentage at Percentage at | Percentage at 
Span No. quarter-points skewbacks Span No. quarter-points skewbacks : 


f Le seehittl 68 67 A ode. 4 72 76 ; 


function as complete articulations and that the degree of restraint in each 
case was quite variable. 

Therefore, it would appear that, notwithstanding the care exercised to 
free the arch rib of spandrel restraint to the maximum possible extent, this 
restraint was great enough to reduce the horizontal crown strains to a value 
less than one-third the corresponding theoretical values for an unrestrained 
or free rib, and that, furthermore, the spandrel structure absorbed about 25% 
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(b) Deck Cut over Intermediate Piers — 


Moments (M) in Thousands of Foot- 
Pounds for Entire Width of Bridge 


Thrusts (NV) in Thousands of Pounds § ; 


2 ay te eG 8 
Total Crown Thrust in Hundred Thousands of Pounds 


¢ Unit Stress (f,) in Pounds per Square “— 
Fie, 21.—Torat Crown THRUST, Fic, 22.—MECHANICAL ANALYSIS FoR TaM- 
SPAN No. 7. PHRATURD STRUSSHS IN END SPAN. | 


of the thrust at the quarter-points and an amount at the skewback which was 
highly variable because of the varying degree of restraint exercised by the 
sliding expansion joints over the pier columns. tay 

Another interesting fact in reference to the behavior of the expansion 
joints and spandrel structure articulations is indicated in Fig. 21 wherein are 


mediate expansion joints, a word 0 
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plotted the quarter-point moments as determined from telemeter readings 


against applied crown thrust. Between Readings 107 and 111 it will be noted 


that the positive moments gradually increase as crown thrusts are increased. 
_ Between Readings 111 and 118, however, a decrease of more than 100 000 Ib 
a2 . ' ° . . 

"in applied crown thrust produces no change in moment. Below this point, 


however, as crown pressures are slacked off, quarter-point moments decrease 


~4n accordance with theory. The same characteristic lag is indicated at the 


bottom of the graph between Readings 101 and 107 and also between Readings 
116 and 119. Reading 97 (not shown) is at zero moment and thrust. 

The same characteristic at the top and bottom of all graphs indicating the 
relationship between applied crown thrust and arch rib forces and strains at 


_ yarious points persisted throughout the entire test. At first, it was thought 


that this phenomenon might. be explained on the theory of friction in the 
jacks, but careful calibration and recalibration through a series of test cycles 
failed to disclose any appreciable jack friction. The only other hypothesis 
upon which this phenomenon can be explained is that of a frictional resistance 
to a reversal of motion in the articulations and expansion joints. As long as 
movement persisted in one direction, superstructure restraint appeared to be 
more or less uniform and fixed. Whenever motion was reversed, however, 
there appeared to be sufficient static friction in the articulations to retain the 
arch in a fixed position, and a considerable increase or decrease in crown 
thrusts appeared necessary in order to break loose the articulations and permit 
movement in the reverse direction. 

All these results point inevitably to the conclusion that spandrel structure 


restraint is present to a certain extent even in the most carefully articulated 


designs; and to the further fact that sliding joints are likely to introduce 
strain conditions of an exceedingly variant character. 

The Rogue River tests were conducted under construction conditions, and 
certain sources of error were jnevitably introduced; however, the persistence, 
throughout the entire tests, of the results noted herein leaves little room for 
doubt as to the general tendencies exhibited by the spandrel structure in ques- 
tion. As a result of these researches, it may be logically concluded that the 
only methods by which the stress distribution in an arch carrying a supported 
spandrel structure and deck can be determined and controlled accurately, are: 
(1) By means of a system of articulations much more complete and positive 
than those ordinarily used heretofore ; (2) by means of a system of stress and 
strain control in the field such as was adopted at the Rogue River Bridge; 
and (3) by the adoption of a design without expansion joints and a method of 
calculation that takes into consideration the complete effect of the spandrel 
structure. In view of the foregoing conclusions, the researches reported by 
Professor Wilson become exceedingly important. 

Tn connection with the utilization of a spandrel structure without inter- 
f warning should be sounded against a pro- . 
cedure which carries this idea too far. Fig. 22 is the result of a temperature 
stress analysis made in the writer’s office in 1932. Fig. 22 (a) indicates the 
moments, thrusts, and fiber stresses at the base of spandrel columns supported 
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by a series of three arch spans, no expansion joints being placed throughout ; 
any part of the spandrel structure from end to end. Fig. 22 (b) indicates the: 
marked reduction in stress at corresponding points when the deck is severed | 
over the intermediate piers. Even in this latter case the stress at the base: 
of the short column exceeds the ultimate strength of the material, indicating ' 
the need for a re-design of the spandrel columns or the provision for further 
articulation. ’ 

All in all, the problem presented is rather complex, and the need for the 
utmost refinement in analyses of large and important structures becomes 
increasingly apparent as the problem is further investigated. Structural 
designers have been altogether too prone to neglect spandrel structure effects 
and to assume a freedom of arch movement under varying stress conditions 
which was never realized in actual service. ‘The result in many instances is 
quite apparent in the formation of cracks at column bases, the opening of 
construction joints, spalling, and disintegration around expansion joints, and 
other like conditions. Because of the relief afforded by plastic flow and a re- 
distribution of stress, such conditions may not be sufficient to cause structural 
failure but, nevertheless, they militate against service life and increase 
maintenance expense. 

In conclusion, the writer wishes again to express his appreciation of 
the thoroughness and timeliness of Professor Wilson’s paper, and the hope 
that further researches along this line will be stimulated thereby. . 
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EXPERIMENTS WITH CONCRETE IN TORSION 


Discussion 


By E. MIRABELLI, Assoc. M. Am. Soc. C. E. 


E. Mirazertt,> Assoc. M. Am. Soc. OC. E. (by letter)"*—An examination of 
Fig. 6 reveals that, up to the loading at which the plain concrete specimen 


_ fails, the action of a spirally reinforced square specimen is not much different 


from that of a cylindrical specimen made of plain concrete of the same 
strength. It may be inferred that reinforcement, when used in moderate 
quantity, does not take a prominent part in resisting torsion until the tensile » 
strength of the concrete has been overcome. This conclusion is confirmed by 
test results discussed by Dr. E. Mérsch* which show that with spiral rein- 


forcement initial cracks appear on a cylindrical specimen at a load that is 


only 15% greater than that which produces initial cracking (and simultane- 


ous failure) on a plain concrete cylindrical specimen. 


That spiral steel is not fully effective before the concrete yields, may be 
shown by the following analysis in which conerete is treated as an ideal 
material, no account is taken of the fact that its modulus of elasticity in ten- 
sion differs from that in compression, and that stress is not exactly propor- 
tional to strain. The notation is the same as that used by the author. 

In the spirally reinforced cylindrical member shown in Fig. 10, the steel 
stress due to torsion is uniform throughout and causes an elongation of the 
steel which, per unit length of cylinder, is, 


E — 
ee Seg shores goad i) waG 2 ... (18) 
E, ( 


The steel deformation is due to twisting of the cylinder and the point, B, will 
move to B’, making, 


BB. saan ah. one cece i AS (19) 


s 


Norn.—The paper by Paul Anderson, Assoc. M. Am. Soc. C. E., was published in 


; May, 1934, Proceedings. This discussion is printed in Proceedings in order that. the 


views expressed may be brought before all members for further discussion. 
_ 6 Asst, Prof. of Structural Eng., Mass. Inst. Tech., Cambridge, Mass. 
ta Received by the Secretary May 81, 1934. < 
_8“Der Hisenbetonbau,” von BH. Morsch, Sixth Hdition, Vol. I, Pt. II, Stuttgart, 1929, 


pp. 303-885. 
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There will result an angular deformation which, per unit length of cylinder 
will be, - 


E; ps 
Using Equation (1) and substituting ve = vs , it is found that, 


8 


E "C Ps 


SIDE ELEVATION CROSS SECTION | 
oe Fig. 10. 


Equation (22) expresses the relation between the tension stress, ts, in the _ 
spiral steel, and the torsional shearing stress, vs, in the concrete adjacent to — 
the steel, in terms of the modulus of elasticity, Hs, for steel and the modulus 
of rigidity, E’,, for concrete. Assuming values of EZ’, = 1500000 Ib per \ 
sq in., and H; = 30000000 lb per sq in., the relation pdattbe, 
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_ Neglecting the small reduction in concrete area due to the Presence of — 
steel, the part of the torsional resistance provided by the concrete is, p 


and the contribution of the spiral steel is, 


M,. = NA; ts ads Ps 
/ 2 
Assuming 1% of spiral steel and assuming ps = - pe, it follows that, 
1 
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M, — Li! ps t; 
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m 


_ August, 1984 MIRABELLI ON EXPERIMENTS WITH CONCRETE IN TORSION 921 


< 


Ms _ 
¢ 
Thus, it is seen, that the spiral steel provides about 10% of the total tor- 
5 sional resistance. The percentage resistance will increase in direct propor- 
‘tion to the percentage of steel supplied. 

By a similar procedure it may be shown that, for a square member with 
45° spiral reinforcement, before the concrete yields and re-distribution 
of stresses occurs, the relation between tension stress in the steel and shearing 
stress in the adjacent concrete is approximately, 


E' 
Peres aoe ae $e lt aaieta eiccnped ast we oy (28) 


8 
Assuming the same values for HE’, and FE, as for the circular section, 


and for 1% spiral steel, 
My 


In this case the spiral steel provides about 6% of the total torsional re- 
sistance. Here, again, the percentage resistance will increase with the per- 
centage of steel supplied. 

The preceding anaylsis leads to a consideration of the deduction that (see 
“Conclusions”), “* * * the spiral reinforcement can be assumed to take 
practically all tensile stresses in excess of the ultimate tensile strength of the 
unreinforced concrete.” This statement may be interpreted to mean that 
after the working stress in torsional shear for plain concrete has been ex- 
hausted, the remainder of the torsional moment, regardless of its magnitude, 
may be assigned to the spiral steel at a safe working stress. If the concrete 
working stress in torsional shear is taken as 150 Ib per sq in., it follows 
from Equation (23) that, for a circular section, the corresponding steel stress 
is only 1500 lb per sq in. Such a unit stress will result in a wasteful use of 
steel. If the steel is stressed to 18 000 Ib per sq in., the adjacent concrete will 
tend to be stressed to about 1 800 Ib per sq in., but will crack before this 
gtress is reached, and only a small core of material will still be effective in 
diagonal tension. 

Tt is reasonable to assume that the factor of safety to be used in design 
should be based on the loading that causes cracking rather than on that which | 
produces ultimate failure even if, because of the presence of steel, the member 
shows considrable toughness and strength after cracking begins. Cracks are 
objectionable and, as indicated by Fig. 6, when the concrete begins to yield 
(at about one-half the ultimate strength of the member) there is a rapid 
increase in the rate of twist. From Table 2, it appears that a working stress 
of 150 Ib per sq in. in torsion provides a factor of safety of about two for 
plain concrete, with an ultimate compressive strength of 2250 lb. per sq in. 

A safe, economical, and consistent method would be to design the member 
as if it were of plain concrete, using a limiting working stress of about 150 
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Ib per sq in. (for 2 250-Ib. concrete). For the, purpose of increasing the fact 
of.safety, enough spiral steel area may be provided (at 15 000 lb per sq in.) to 


resist the total design moment, assuming the concrete to have cracked and 


the steel to be acting alone. For a circular section, using ve = 150 lb per 
sq in., ts = 15000 lb per sq in., and ps = - pe, it is found that a total steel 


area of 0.79% of the total cross-section area is sufficient for this purpose. For 


a square section the corresponding figure is 0.66 per cent. If the torsional q 


shear is 50 lb per sq in., or less, there will be a sufficient margin of safety 
- without the use of reinforcement. 

It may be noted that in a cylindrical member the maximum stress intensity 
occurs at the surface and is uniform throughout, whereas in a member of 


| 
. 


rectangular section the maximum stress occurs on a line along the middle ~ 


of the long side. There is opportunity for considerable re-distribution of 

stress in a member of rectangular section before eracking occurs. For this 
- reason a somewhat higher working stress intensity (about 200 Ib per sq in. 
for 2250-Ib. concrete) might be used for a rectangular section than for a 
circular section. 
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FLEXIBLE ‘‘FIRST-STORY” CONSTRUCTION FOR 
EARTHQUAKE RESISTANCE 


Discussion 


By Howarp G. SMITs, Esq. 


| Howarp G. Sarrs,* Esa. (by letter)”*.—The analysis developed by Mr. 

Green is interesting; it is quite a new thought as applied to the problem of 
duplicating, mathematically, such complex vibrations, as earthquake oscilla- 
tions. Undoubtedly, complex earth motions can be approximated by this 
method of description more closely than by the usual periodic sine curve or 
cosine curve expressions. 


Acceleration in Feet per Second 


Time in Seconds Time in Seconds 
Fic. 11.—ACCELERATION DIAGRAM. Fie, 12.—DErrection DIAGRAM. 


Tt is to be noted, however, that the same general method of utilizing un- 
equal maximum accelerations may be used with the customary harmonic 
theory. Substituting Fig. 11 for Mr. Green’s acceleration diagram (Fig. 3), 
it will be seen that, in general, the periods and accelerations are the same in 
the two cases with the exception that with the curved diagram the acceleration 
is zero when ¢ = 0. At any given time the ground is moving with simple 


harmonic motion, such that the acceleration of the ground is a sin Fh fe 


Notp.—The paper by Norman B. Green, Esq., was published in February, 1934, 
Proceedings. Discussion on_this paper has appeared in Proceedings, as follows: In 
May, 1934, by Messrs, Lee H. Johnson, Edward J. Bednarski, and Merit P. White and 
Paul L. Kartzke. 

11 Chf. Designing Engr. for Oliver G. Bowen, Los Angeles, Calif. 


1¢ Received by the Secretary April 11, 1934. 
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Using Mr. Green’s nomenclature the differential equation for the horizon- ; 
tal deflection of the tops of the columns from their bases is: ; 
s - 
m 
dt? 
and the general solution of this equation is: 
re : 5 
a + 
y = Cysin A|_& t + °C, cos qt Ayah tas iy: ele op je 5.((28)8 
m m é 27 


T2 


Sth @. din’ Oe OY ee ee (27) 
27 


m 4 T° 
in which, a = maximum acceleration, and 7 = time for acceleration to de- 
crease from the maximum to zero (one-fourth the full period of oscillation). 
Two constants of integration, (, and ©,, are involved which are similar to 
C, and C, in Mr. Green’s analysis. These constants are evaluated from the - 


r q 
initial conditions, namely, when ¢ = 0, a = Vo; y = Yo; and, 


rr 
Vo SS OG Pa ea Ce ose GSE c oteylle atk ane eee (29) 2 | 
and, 
bb : 
Veieed: Vergy kl a thapaletedtr tee (30) 
‘ m 4: 7° : 
Let 4/%:= Q, ar = R, and Q@’ — R? = b, Then, solving for C,; and C, and 
m | 
substituting in Equation (28): 
y= (Fe — 22) singe + Y, cos Qt +2 sin Rt ...... (31) 
Q bQ b 
and, 


>| 

4 

f : 

Soyer ies ¥.— 22) cos Qt — Q Y, sin Qt + 2% cos Re. .(92) | 
at b b ; 


The maximum deflection may be taken as that given by Equation (31) 
at the time, ¢, that the ground acceleration is a maximum. The error of this 
assumption is slight except in the region of resonance; that is, when the period 
of the ground approaches the free period of the columns. a 

Mr. Green might have included damping in his discussion. Damping, 
which is caused by the absorption of energy by the building, may be taken 


as proportional to the first power of the velocity. If p is taken as the pro- 
portionality constant, Equation (1) becomes: 


d*y dy t 
m——+p—*=ma rag So) Woe 
; p nd a ( ) LF Hao SS ae 


and the general solution of this linear equation is: 


2a 6 0.0 ofp's @ eters a ibe 6 Me ie Ee ie 


abetted 
t™ : 
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in which j = Sot and (; and Q, are the constants of integration and are 
es 


determined by the initial conditions. Actually, damping is an important con- 
sideration; but it is not pertinent to the conclusions of this discussion. 

Equations (31) and (32) may be applied in much the same manner as 
Equations (3), (4) and (5). Table 2 shows the computations for this set of 
conditions. The horizontal deflection of the tops of the columns from their 
bases ig shown as it varies with time in Fig. 12. 


TABLE 2.—ComPputTaTIONS 


ee nl 


Duration | Duration INITIAL f Fina 

from be- of uniform ConDITIONS ConDiTIoNs 
nning periodico T a R b 

of motion,| motion, 
ta tp Yo Vo Yn Vn 
4.50 4.50 0.250 3.2 0 0 6.29 —36.4 | +0.312 | +0.525 
4.83 0.33 0.165 1.0 | +0.312 | +0.525 10.40 —105.0 | +0.453 | +0.121 
5.50 0.67 0.335 2.0 | +0.453 | +0.121 4.70 —19.0 | +0.502 | —0.392 
7.25 1.75 0.250 3.2 | +0.502 | —0.392 6.29 —36.4 | —0.718 | —0.157 


Conclusions.—If the ground had continued oscillating with the same 
motion with which it began, the maximum possible deflection would have 
been 0.402 in. (indicated by the broken lines in Fig. 12). The introduction 
of this slight variation of the ground has increased the maximum possible 
deflection approximately 79 per cent. This is the most important point 
brought out by this discussion, because it shows that a very slight variation 
of steady ground motion, opportunely injected, causes a deflection much in 
excess of that indicated by the “magnification factor” often used in vibration 
philosophy. 

One should use caution in applying these theories in analyzing multi-story 
buildings, even if the first story is flexible, because the equations under dis- 
cussion do not apply. While the top stories may be considerably stiffer than 
the first story, this does not preclude the possibility of vibration in the top 
stories—and, in some cases, resonance in these upper stories at a higher fre- 
quency than that with which the base or first story is vibrating. These 
vibrations of the upper stories materially affect the motions of the first story. 
The conclusions given are applicable only to a one-story bent and not to a 
multi-story building. 
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